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Abstract 
 
The use of ionic liquids (ILs) as both reagents and solvents is widely recognised. ILs offer 
a number of advantages compared to regular molecular solvents. These advantages 
include: chemical and thermal stability, no measurable vapour pressure, no or lower 
toxicity, non-flammability, catalytic ability, high polarity and they can be recycled. There 
are a number of research groups investigating the various applications of this reaction 
medium and most studies have focused on solvents derived from the imidazolium cation. 
 
The use of the imidazolium-based ILs in the Diels-Alder reaction has been studied in 
detail and higher yields compared to conventional methods have been reported. The IL 
affects the rate and interesting selectivities have been observed. However, not much 
attention has been paid to the scope and limitations of phosphonium ILs (PILs). Therefore 
the focus of this thesis is the synthesis and application of novel chiral PILs as 
environmentally benign, task-specific solvents for the Diels-Alder reaction. In addition, this 
research seeks alternative ways to eliminate the use of toxic heavy metal catalysts and to 
exploit methodologies which reduce the energy consumption of the Diels-Alder reaction. 
 
A series of CILs were synthesised from the chiral pool and they were characterised by 
thermogravimetric analysis, differential scanning calorimetry and spectroscopy. They 
were then investigated as solvents and catalysts in the Diels-Alder reactions of a series of 
dienes (cyclopentadiene, isoprene, 2,3-dimethylbuta-1,3-diene, furan, pyrrole, N-methyl 
pyrrole) and dienophiles (methyl acrylate, methyl vinyl ketone, acrylonitrile, dimethyl 
maleate, acrolein, dimethylacetylene dicarboxylate, maleic anhydride and maleimide). 
Investigation of the effect of PILs in the presence of three heterogeneous catalysts Al2O3, 
SiO2 and K-10 montmorillonite were studied. Ultrasound and microwave-assisted Diels-
Alder reactions in the PILs, in the absence and presence of the catalysts, were also 
studied. The reactions of these prototypical substrates illustrated that the solvents are 
indeed task-specific. 
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1. Introduction 
  
 
 
1.1  Green Chemistry 
 
The key focus of green chemistry includes the reduction of waste, recycling materials and 
eradicating the use of harmful chemicals in industry by seeking alternative ways to reduce 
the human and environmental impact without stifling scientific progress.1 
 
The selection of reagents and reaction conditions in chemical processes which affect the 
environment needs to be considered. This is becoming of increasing importance as 
researchers from both industry and academia become aware of the advantages of an 
environmentally benign approach. The principles of green strategies are now beginning to 
appear in traditional chemistry courses, which is likely to increase the growth in this area of 
academic research.2 
 
Industry Production [tonnes/year] E-factor 
Oil refining 106 - 108 <0.1 
Bulk chemicals 104 - 106 1-5 
Fine chemicals 102 - 104 5-50 
Pharmaceuticals 10 - 103 25-100 
 
Table 1: E-factors in the chemical industry.2 
 
Sheldon exploited the E-factor concept,3 which is the ratio of the waste (by-products) to the 
desired product. A higer E-factor value means more waste is generated and the negative 
environmental impact is greater (Table 1).2 In other words, the focus of green chemistry is 
to reduce this E-factor as far as possible to the ideal value (zero). In the chemical industry, 
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the E-factor of the pharmaceutical industry is quite large compared to the other fields (oil 
refining, bulk and fine chemical industries). So, developing more sustainable and cleaner 
processes are needed, which can reduce the waste generation in the manufacture of 
pharmaceuticals. 
 
There are essentially two ways to develop more environmentally attractive processes and 
products:4 ‘greening’ existing processes with existing technologies, or to discover new 
technologies. Ionic liquids (ILs) and chiral ionic liquids (CILs) are recent examples of a 
hybrid of an existing technology that is being explored. 
 
It is challenging, but necessary, to find a purely green solvent. Standards are needed for 
evaluating solvents quantitatively and systematically to allow chemists to clearly assess 
whether or not resulting chemistries and chemical processes are ‘greener’. The first step 
regarding evaluating solvents is the development of general guidelines which are identified 
by Fukumoto:5 
• Generates less waste (in production, use, and disposal); 
• Innocuous or more innocuous; 
• Renewable resources in synthesis of solvents; 
• Solve other environmental problems; 
• Selectivity, reaction efficiency, efficient separation; 
• Known hazards associated with solvents; 
• Human and environment health effects are known. 
 
There are a vast number of ILs which possess most of these properties and are more 
environmentally friendly when compared to existing molecular solvents. The effective use 
and continual reuse of IL will contribute to establishing them as green solvents with 
reduced environmental impact.6 
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1.2  Ionic Liquids 
 
ILs are categorised as a class of low-melting semi-organic salts or salt mixtures. They are 
liquid at room temperatures and comprise entirely of ions; this definition is unlike the typical 
classification of molten salts.7 Composed entirely of ions, they are phenomenological 
analogues of classical metallic molten salts such as sodium chloride (m.p. around 800 °C). 
Molten NaCl has a high-melting point, and is a highly viscous and highly corrosive liquid. 
These high melting points salts are of limited use as solvents for organic reactions. 
 
Today, ILs are known as a new type of solvent. There are many reports about the search 
for the substitutes for environmentally damaging solvents used in industry and academia, 
especially those that are volatile. For this reason, increasing attention has been focused on 
the use of the room-temperature ionic liquids (RTILs) as alternative, green media which are 
associated with environmental and cost benefits.2 
 
In recent years, the synthesis and application of chiral ionic liquids (CILs) has been 
investigated by a number of research teams. There are various reports concerning the 
applications of CILs in a range of areas. However the total number of reports is only around 
50. CILs have special characteristics, such as beneficial rate enhancements and selectivity 
enhancements in asymmetric organic synthesis.8  
 
 
1.2.1 Properties of Ionic Liquids 
 
The physical properties of ionic liquids are different from traditional solvents. These 
solvents possess a number of interesting properties: 
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• Ionic in composition, comprising discreet, dissociated ions – though there are 
indications that ILs are, in many cases, structured liquids. 
• They are good media for a large number of organic and inorganic materials. 
• They have good electrical conductivity and high electrochemical stability. 
• Lack of vapour pressure, non-volatility, and can therefore be used in low-pressure 
conditions. This property also means ILs cannot be purified easily by distillation. 
• They are non-flammable and non-explosive. 
• Facile variation in physicochemical properties, adding flexibility to these new 
solvents. Their properties can be varied by changing the different cation and 
anion. 
• They are polar and noncoordinating solvents. Inherent ionic strength, though not 
being apparently very polar.  
• They are complex solvents, and this is caused by the interaction via hydrogen 
bonding, π-π, dispersive, dipolar, electrostatic, and hydrophobic interactions.  
 
 
1.2.2 Properties Influenced by Cations and Anions   
 
        NaCl                            [bmim][PF6] 
Figure 1: Regular lattice formed by sodium chloride, which is difficult for [bmim][PF6]. 
 
Ionic compounds are generally crystalline solids with high melting points because of the 
high lattice energy due to the electrostatic attractions between the ions (Figure 1). The 
amount of charge on the ions and the distance between them can affect the strength of the 
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electrostatic attraction. Further distance will lead to the weaker interaction, and this can be 
achieved by increasing the size of the ions. Low symmetry cations can also make it hard 
for the charges to move closer, which reduces their melting points. 
 
Besides the anion, the cation influences the melting points. For example, in 
1,3-dialkylimidazolium cations, the two substituent groups can be varied. The properties of 
the resultant ILs are different.9 1,3-Dimethyl imidazolium chloride has the highest symmetry 
cation with high melting point (103 °C) compared to the other less symmetric cations such 
as 1-butyl-3-methylimidazolium chloride (melting point, -81 °C).  
 
Besides the cation, the anion also influences the melting points. For the 
1-ethyl-3-methylimidazolium [emim] cation with different anions, increasing the size of the 
anion will cause the melting point to decrease.10 
 
 
1.2.3 The Cations and Anions in (Chiral) Ionic Liquids 
 
An IL is induced largely by packing disorder of the usually asymmetric cations. Those with 
alkylammonium, alkyphosphonium, N-alkylpyridinium, and N,N’-dialkylimidazolium cations 
are the most common ILs in use (Figure 2).11  
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Figure 2: Some examples of cations in ILs. 
 
There are many anions, and the anions can be classified into three groups: These are 
mononuclear anions, polynuclear anions and chiral anions, such as the lactate anion7, 
some natural amino acids12 and newly designed chiral anions13. A large number of anions 
can give low melting salts in combination with the cations. Major physical properties can be 
changed such as optical and magnetic features when combined with certain cations.11  
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1.2.4 Applications of Ionic Liquids 
 
Due to their unique properties, ILs are expected to became more useful than simple 
molecular solvents. Different thermodynamic and kinetic behaviors have been observed in 
many reactions in ILs, and some of them improved the reaction results. 
 
The use of ILs as an alternative media for organic reactions, such as organometallic and 
enzymatic mediated syntheses, analytical chemistry, electrochemistry, separations, and 
mass spectrometry is increasing.10 ILs can be used in a host of organic reactions and this 
topic has been reviewed very recently by Baudoux et al.14 The majority of reports involving 
RTILs involve achiral syntheses and excellent yield and selectivity have been observed for 
many reactions.10 Furthermore, stability of organometallic reagents and biocatalysts can be 
enhanced by ILs.1 
 
The ILs are potentially valuable for asymmetric synthesis, especially for industry. Their 
various properties make them potentially useful for enantioselective processes. Recently 
the attention has really been focused on application of CILs as reaction media. 
 
1.3  Chiral ionic liquids 
 
CILs are of great interest due to their possible applications in asymmetric synthesis, 
resolution of racemates, stereoselective polymerization, gas chromatography, NMR shift 
reagents, liquid crystals and other areas. Even though the difficult syntheses and high cost 
of CILs often prohibited their use, the possibility of using chiral ionic liquids as inducers for 
asymmetric reactions has greatly encouraged researchers to continuously synthesise new 
chiral solvents. The CILs are usually produced from the chiral pool (e.g. amino acids, 
amines, amino alcohols and alkaloids) or by asymmetric synthesis. Figure 4 showed CILs 
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with central, axial or planar chirality. They are classified as chiral cation ILs, chiral anion ILs, 
and chiral cation chiral anion ILs. 
N N
N N
OH
O
OBr
N N
O
SO3  
Figure 4: First examples of CILs with (a) chiral cation (left), (b) chiral anion (middle) or (c) 
both (right).15 
 
Similar to common ILs, CILs can also be classified as imidazolium-based, pyridinium- 
based, ammonium-based, phosphonium-based and thiazolinium-based etc, and amino 
acid-based.10,15,16 
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Figure 5: Imidazolium chiral ionic liquids. 
 
Figure 6: Pyridinium chiral ionic liquids. 
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Figure 7: Ammonium chiral ionic liquids. 
 
 
Figure 8: Thiazolium chiral ionic liquids. 
 
 
Figure 9: Oxazolium chiral ionic liquids. 
 
 
Figure 10: CILs with axial chirality and with planar chirality. 
Some cations having an axial14,17 or a planar chirality have also been developed18-20 
(Figure 10). 
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1.4  Phosphonium Ionic Liquids 
 
Researchers began to turn their attention to phosphonium salts following a brief reference 
by Seddon, where he found that phosphonium salts were a potential source for the 
synthesis a new series of IL.7 Parshall in the mid 1970s and Knifton in the 1990s used 
phosphonium salts as solvent for organic reactions.21,22 Due to the lack of starting 
phosphonium materials, the investigation of phosphonium salts was not widely known. This 
development was dependent on the large scale synthesis of trialkyl phosphines.23 One of 
the most important properties of PILs is their recyclable abilities. Small decomposition 
(0.5-1 %) can lead to huge losses after several cycles. The hydrogens on the imidazolium 
cation are acidic and not fully stable, but PILs are less acidic. For this reason, most PILs 
are more thermally stable than the corresponding ammonium salts.23 The densities of PILs 
are usually less than water, which facilitates the removal of inorganic byproducts. 
Imidazolium salts are denser than water. 
 
Figure 11: Generic formula phosphonium ionic liquids. 
 
The phosphonium cation contains four substituents and the various combinations, along 
with many anions, represent a large number of possible salts. The generic formula of PILs 
is [PR1R2R3R4][X] (Figure 11). Many PILs are liquids at room temperature, but there are 
some low melting points PILs (<100 °C), within the broad general definition of ionic liquids 
as salts which are low melting. The anions in PILs are the same as the common IL, and the 
chiral anions are mainly amino acid anions. 
 
The synthesis of PILs with four different groups can be achieved by the simultaneous 
addition of a solution of an organolithium compound LiR2 and an organochloride R3Cl to a 
solution of cyclopolyphosphane (R1P)n under an inert atmosphere.24 The phosphanes 
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obtained react with R4X to give the corresponding phosphonium salts [PR1R2R3R4][X].  
 
(R1P)n + n LiR2 + n R3Cl  →  n PR1R2R3 + n LiCl 
    PR1R2R3 + R4X  →   [PR1R2R3][X] 
 
Figure 12: Synthesis of PILs with different groups on phosphorus 
 
Tetradecyltrihexyl- and tetrabutylphosphonium cations paired with chloride or sulfonyl 
amide anions exhibit properties that reflect strong ion association, including comparatively 
low viscosity as well as a degree of volatility.25,26 The prediction of physical properties have 
been investigated (density, thermodynamic properties and internal pressure)27-29 The 
physical properties of amino acids PILs were also studied.30,31  
 
A literature survey on PILs for the period 2001 to 2008 was performed. The papers (106 
papers in total) for this 5-year period were reviewed. All the PILs synthesised are listed in 
the Appendix Section; this includes 171 mono-cationic PILs: 97 alky PILs, 7 alcohol PILs, 
32 aromatic PILs, 9 ether PILs, 14 metal complex anion PILs, 4 chiral cation PILs, 8 
fluorous cation PILs and many chiral amino acid anion PILs. The number of di-cationic 
PILs is only 12. There were only 10 papers on chiral PILs.  
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Figure 13: Tree map of phosphonium ionic liquids. 
 
 
1.4.1 Chiral Phosphonium Ionic Liquids 
 
1.4.1.1 Chiral Cation Phosphonium Ionic Liquids 
Four chiral triphenylphosphonium tosylates were prepared and characterised. However 
their applications have not been investigated.32 
       
Figure 14: Chiral cation PILs. 
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1.4.1.2 Chiral Anion Phosphonium Ionic Liquids 
This class of CPILs is readily obtained from the chiral pool. Use of natural amino acids as 
component ions have the advantage of being environmentally friendly and biodegradable. 
Most of the [P4,4,4,4][AA] were liquids at room temperature. The properties of these CPILs 
(physico-chemical properties, thermal properties, viscosity, polarity, and solubility of 
organic compounds) are strongly affected by the amino acids.33 They were also 
halogen-free and had relatively high decomposition temperatures;30,31 [P4,4,4,4][L-Val] was 
stable over 10 h at 100 °C. The observed decrease in the optical rotation value of 
heat-treated amino acid ILs at 120 °C might be attributed to a slow thermolysis of amino 
acid anions.34 
 
 
Figure 15: Structure of tetrabutylphosphonium proline. 
 
 
Figure 16: Structure of tributyl phosphonium trifluoromethanesulfonyl ILs.  
 
The [P4,4,4,4][Tf-AA] class of PILs were synthesised by the Fukumoto group.30,33-35 
[P4,4,4,8][Tf-AA-Me] were hydrophobic and were able to influence the reaction yields and 
separation process. They have been tested for phase separation with water, and unique 
phase behaviour was observed.5 
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1.4.1.3 Other Interesting Phosphonium Ionic Liquids 
A new series of novel dicationic symmetrical and asymmetrical ILs consisting of 
tributylalkylphosphonium and alkylimidazolium were synthesised. Their tribological 
properties in the form of spin-coated ultra-thin films were studied using perfluoropolyether 
and normal ILs as comparisons. Very high decomposition temperature, about 450 °C, and 
good tribological properties were observed. Figure 17 shows an example of a 
non-symmetrical double IL which can be potentially applied in ultra-thin film lubricant.36  
 
 
 
Figure 17: Structure of 1-(1-tributylphosphine-yl-hexyl)-3-methylimidazolium ILs. 
 
 
1.4.2 Applications of Phosphonium Ionic Liquids 
 
There are several reviews on ILs, which demonstrate that the ammonium ILs have been 
studied much more than the PILs. A review of the literature for the period 2003-2008 shows 
that PILs are gaining increasing importance. They have been applied in the following areas 
recently: electrochemistry,37-46 chromatography,47-50 nanocomposites,51,52 separation 
science,53-58 solvents for laser dyes,59-65 hydrogenation,66,67 toxicity,68,69 
polymerisations,70-73 tribological materials,36,74,75 thiocarbonylation,76 biotechnology77,78 
solvents for synthesis (cylic carbonates,79 conversions alcohols to alkyl chlorides,80 
carbonylation reactions,81,82 biphasic catalytic reactions,83 Suzuki reactions,84 
Baylis–Hillman reactions,85 Michael reactions86 and Diels-Alder reactions), absorbents,87 
mass spectrometry,88 photochemistry,89 phase equilibria studies,90-92 nuclear magnetic 
resonance spectroscopy93,94 and liquid crystal studies.95 Only the Diels–Alder reaction in 
PILs will be discussed (Section 1.5.4) in detail along with other developments in this area.  
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1.5  Introduction to Diels-Alder Reactions  
 
The Diels-Alder reaction is one of the best-known reactions and one of the most useful 
reactions in organic synthesis. Six-membered rings with up to four stereocentres, two new 
bonds, and one double bond are formed in the reaction. 
 
 
 
 
 
Figure 18: Transition state for the Diels-Alder reaction and the Frontier Molecular Orbitals. 
 
Normal Diels-Alder cycloadditions involve electron deficient dienophiles, which involve the 
LUMO of the dienophile and HOMO of the diene. The HOMO and LUMO which are 
involved are illustrated by the Frontier Molecular Orbitals (Figure 18). Best overlap will be 
achieved if the interacting p-orbitals (those which will finally lead to the two new σ-bonds) 
overlap ‘end on’. 
 
 
1.5.1 Dienes 
 
Many conjugated dienes have been used and many of them have been selected and 
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classified.96 Dienes usually have two conjugated double bonds and are able to give a 
cis-conformation. The open chain dienes are normally less reactive than cyclic dienes, 
because of the bond rotation to the trans-conformation, and the rate of cycloaddition can 
be influenced by the electronic effects of the substituents in the diene.97 The normal 
electron-demand Diels-Alder reaction is one in which the electron-donating dienes react 
with electron-withdrawing dienophiles. Conversely, in the inverse electron-demand 
Diels-Alder reaction, the electron-withdrawing dienes reacts with electron-donating 
dienophiles. 
O
H
N
Open chain
N
2 3
1 4 5 6
Cyclic
 
Figure 19: Dienes studied in this work. 
 
 
Z-Alkyl substituents in the 1-position reduce the reactivity by sterically hindering formation 
of the cis-conformation through non-bonding interaction with a hydrogen atom at C-4 
(Figure 20). Z-1,3-Pentadiene gave only 4 % yield of the adduct when heated at 100 oC 
with maleic anhydride, whereas at 0 °C the E-isomer formed an adduct in almost 
quantitative yield in benzene.98 
 
Figure 20: Structure of Z-1,3-pentadiene and E-1,3-pentadiene. 
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1.5.2 Dienophiles 
 
The dienophile commonly has an electron-withdrawing group conjugated to the alkene in a 
typical Diels-Alder reaction. The dienophiles with these electron deficient substituents are 
C=O, CO2R, CN and NO2, which are α,β-unsaturated carbonyl compounds. Increasing the 
number of these groups in the molecule will increase the reactivity. Steric effects always 
play an important role in the reactivity of dienophiles. For example the reactions between 
butadiene and 2,3-dimethyl butadiene with acrylic acid derivatives decrease with the 
introduction of substituents in the α–position of the dienophile, and unsaturated ketone with 
two alkyl groups in the β–position react very slowly.99  
O
O O
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O
O ON
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NH
O
O
7 8 149 15
10 11 12 13
O O
OO
 
Figure 21: Dienophiles studied in this work. 
 
Some catalysts such as Lewis acids can activate dienophiles, i.e. there is no reaction 
between cyclopentadiene and cyclohexnone in ethyl acetate in the absence of a Lewis acid. 
However in some cases, the carbonyl oxygen binds too tightly to the metal centre, which 
leads to the limited use of Lewis acids as good catalyst.100 
 
 
1.5.3 Regio- and Stereoselectivity 
 
Diels-Alder reactions can form many structural isomers and steroisomers (regioisomers 
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and diasteromers).101 Pseudo-ortho and para orientations in products are generally 
favoured in asymmetric Diels-Alder reactions. For example, the reaction between 
1-substituted diene with electron deficient dienophiles (methyl acrylate or with phenyl 
substituted alkenes) forms mainly the ortho-isomer; 2-substitueted dienes mainly afford the 
para-isomer (Figure 22).97  
 
Figure 22: Regioisomers in the Diels-Alder reaction. 
 
The regioselectivity of the Diels-Alder reaction can be explained by the orbital coefficients, 
which is frontier orbital theory.102,103 The most common Diels-Alder cycloadditions involves 
electron deficient dienophiles. The LUMO for such a system is shown in Figure 23, with the 
larger coefficient at the end of the alkene remote from the electron withdrawing group. A 
similar analysis of the HOMO of a diene possessing an electron donating group at one 
terminus, reveals the largest coefficient to be at the end remote from the group. Best 
overlap in the reaction is achieved by interaction of the ends of the reactants which 
possess the larger coefficients. This is illustrated in Figure 23.  
 
Figure 23: Regioselective ortho Diels-Alder cycloaddition. 
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Alder and Stein explained the stereochemistry of substituents in the starting material using 
the cis principle or the Alder-Stein rules. There are partial positive and negative charges on 
the diene and dienophile respectively, and these two different charged carbons interact 
readily. The relative orientation of a substituent will determine how they approach each. 
The resonance contributors for the diene and dienophile drawn in Figure 24, illustrates the 
existence of partial positive/negative charge. 
 
Figure 24: Substituent effects in Diels-Alder reactions. 
 
There are two possible sterochemical orientations for an unsymmetrical dienophile with 
respect to the diene, endo and exo (Figure 25). The endo transition state is where the 
single substituent on the dienophile is oriented in the direction of diene's π-system, and the 
exo transition state is where these substituents point away from the diene’s π-system.  
 
R1
+
endo approach
R1
R2
R1
+
endo approach
R1
R2
R2
R2
R1
+
exo approach
R1
R2
R1
+
exo approach
R1
R2
R2 R2
 
Figure 25: Examples of endo and exo products in Diels-Alder reaction. 
 
According to the ‘endo addition rule’, endo addition is usually preferred when an 
unsaturated substituent, such as a carbonyl group, is present in the dienophile. The kinetic 
 21
Chapter 1  Introduction  
 
product will usually be the endo-adduct, but for some reactions where the reaction times 
are extended, the endo product can revert to the starting material and form the exo product. 
This is because the exo product is thermodynamically favoured. For example, the reaction 
of cyclopentadiene with maleic anhydride gives the endo adduct at room temperature, the 
more stable thermodynamical exo adduct is obtained through a retro Diels-Alder reaction 
followed by re-addition when the temperature is raised to 200 °C. (Figure 26) 
 
 
Figure 26: Diels-Alder reaction between furan with maleic anhydride. 
 
If the two faces of the diene are diastereotopic, then the dienophile will usually react from 
the less hindered face, as shown in Figure 27. 
  
 
Figure 27: Endo-Diels-Alder cycloaddition from the less hindered face. 
 
 
Overall, diasteroselectivity is based on the transition state, and the transition state is 
determined by steric hindrance, stereoelectronic, complex factors and other issues. 
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1.5.4 Diels-Alder Reactions in Ionic Liquids 
 
1.5.4.1 Ammonium Ionic Liquids 
Many Diels-Alder reactions have been investigated in ILs. ILs have many advantages for 
Diels-Alder reactions, such as immiscibility with many Diels-Alder components and 
adducts, they act as support for the catalyst or as catalyst and easy workup. The most 
important is that rate enhancements and selectivities have been observed. 
In 1998 Fischer and co-workers performed Diels-Alder reactions in neutral ILs.104 The best 
yield obtained was 91 % for the reaction between cyclopentadiene and methyl acrylate in 
[BMIM][PF6] at 20 °C for 72 h. In 1999 Seddon and co-workers obtained similar results.7 
The cycloadditions proceeded at room temperature and gave very good yields after  
18-24 h. Different dienophiles gave different endo/exo selectivity. Lewis acids (ZnI2, 
BF3·Et2O) in combination with imidazolium ILs, increased both the rate and selectivity of 
the reaction. The ILs remained catalytically active after the work-up. 
 
In 2002, Ajay and co-workers tested imidazolium ILs in Diels-Alder reactions of 
cyclopentadiene and methyl acrylate. The endo-selectivity and associated rate 
enhancements were attributed to a hydrogen bonding between the cation of the ILs and 
the methyl acrylate.4  
 
N-1-butylpyridinium chloride and [emim][Cl] have been successfully applied as 
solvent/catalyst with variable Lewis acidity for Diels-Alder reactions.105 The 
chloroaluminate IL [emim][Cl]·AlCl3 is basic when [emim][Cl] is in excess, but is acidic 
when AlCl3 in the mixture is in excess. This variability can affect the reactivity and 
selectivity of the reaction. The higher selectivity (endo/exo ratio) was found in the acidic 
mixture because of the increase of Lewis/Bronsted acidity of the reaction medium. 
 
The pyridinium based ILs [EtPy][BF4]/[CF3CO2] were investigated as solvents for the 
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Diels-Alder reactions between cyclopentadiene and methyl acrylate.106 Compared with the 
results in CH2Cl2,107,108 borane-THF complex,109 and phosphonium tosylate ILs,110 these 
pyridinium based ILs improved yields in relatively short reaction times. 
 
Many catalysts/additives with ILs have been tested in Diels-Alder reactions. Chiral cationic 
Pd-phosphinooxazoline proved to be highly efficient catalysts for asymmetric Diels-Alder 
reactions, and it can be recycled several times with little reduction in yields and 
enantioselectivity (89-99%, 88-99% ee).8  
 
1.5.4.2 Phosphonium Ionic Liquids 
There are few reports of the Diels-Alder reactions in PILs. The first report on the application 
of a phosphonium salt as a catalyst in the Diels-Alder reaction was by Nagarajan in 
2001.111 Triphenylphosphonium perchlorate proved to be an efficient catalyst for the imino 
Diels-Alder reaction for the synthesis of indolylpyranoquinolines.112,113 
 
Phosphonium tosylates were exploited by Karodia and Ludley as solvents/catalysts for the 
Diels-Alder reactions of isoprene with dienophiles.110 Comparison of the results with the 
ammonium ILs, higher regioselectivity were obtained with oxygen-containing dienophiles in 
PILs. This was attributed to phosphorus-oxygen affinity. Subsequently, these phosphonium 
tosylates were applied in reactions of cyclopentadiene with dienophiles.114  
 
Janus and Stefaniak studied the Diels–Alder reactions between cyclopentadiene and 
dienophiles in [P6,6,6,14][NTf2] in the presence of additives. The catalytic activities of a few 
metal chlorides, triflates and bis-triflimides in this reaction were compared.115 Great 
enhancement of endo selectivity for reactions of cyclopentadiene with methyl vinyl ketone 
was observed.  
 
There are numerous developments in this area. However, only the the Diels-Alder 
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reactions of interest are reviewed in the following sections. The diene and dienophiles 
selected for study were cyclopentadiene, isoprene, 2,3-dimethylbuta-1,3-diene furan and 
N-methyl pyrrole as the prototypicaldiene with dienophiles methyl acrylate, methyl vinyl 
ketone, dimethyl maleate, acrolein, acrylonitrile, maleimide and maleic anhydride. These 
starting materials were selected so that meaningful comparisons could be made with 
literature data. 
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1.6  The Diels-Alder Reaction  
 
1.6.1 Diels-Alder Reactions of Cyclopentadiene 
1.6.1.1 Diels-Alder Reactions of Cyclopentadiene with Methyl Acrylate 
 
  1            7                            16             17 
Figure 28: Diels-Alder reaction of cyclopentadiene 1 with methyl acrylate 7. 
 
The Diels-Alder reaction of cyclopentadiene 1 with methyl acrylate 7 leads to a mixture of 
endo-2-methylcarboxy[2.2.1]hept-5-ene 16 and exo-2-methylcarboxy[2.2.1]hept-5-ene 17, 
with endo adduct 16 as the major product. Some recent developments are presented in 
Table 2.  
 
Imidazolium ILs with lactate anions give excellent yields with acceptable endo:exo 
selectivities (entry 1). When the anions are changed to BF4, NTf2 and PF6, the reactions 
slow down considerably. However a slight improvement in selectivity was obtained with the 
NTf2 anion. Addition of a tungsten catalyst to [bmim][PF6] reduced the reaction time 
considerably (entry 2). The effect of sonication on the reaction selectivity and time appears 
to be minor; an 11 % increase was observed. In contrast, the effect of microwave is 
dramatic; a 79 % yield was obtained in just 3 min (entry 4). A direct comparison of the 
effect of ammonium versus phosphonium ILs is a little difficult. A series of boron/aluminium 
oxide catalysts were studied (entry 9); the best combination was BBr3/Al2O3. Recently 
clays (zeolites) have found wide applications as catalysts in organic synthesis. Royo and 
co-workers showed that Zn-K10 was an effective catalyst for Diels-Alder reactions; 
excellent yields and high selectivity was obtained in 2 hours (entry 10). In addition, they 
found that SiO2 and Al2O3 with AlEt2Cl and TiCl4 were excellent catalytic sytems for this 
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reaction. 
 
Entry Conditions 1:7 Yield 
[%] 
16:17 
endo/exo
Ref. 
1 [mim][DL-Lactate], RT, 24 
[mim][BF4], RT, 48 
[mim][NTf2], RT, 48 
1.5:1 
1.5:1 
1.5:1 
95 
96 
95 
79:21 
79:21 
86:14 
116 
2 [O=P(2-py)3W(CO)(NO)2][BF4]2, 
[bmim][PF6], RT, 3.5 h 
1:1 97 
 
80:20 
 
117 
3 [bmim][NTf2], sonication, RT, 8 h 
[bmim][NTf2], RT, 8 h 
1.2:1 
1.2:1 
95 
84 
82:18 
81:19 
118 
4 [hmim][BF4], mw, 3 min 1.1:1 79 71:29 119 
5 [bmim][BF4], 27 °C, 4.5 h 
[bmim][BF4], silyl borate, 1.5 h 
[bmim][PF6], 27 °C, 4.5 h 
1:1 
1:1 
1:1 
76 
95 
72 
74:26 
93:7 
74:26 
120 
6 [emim][TFA], RT, 24 h 
[emim][NTf2], RT, 24 h 
4:1 
4:1 
75 
89 
78:22 
80:20 
121 
7 [bmim][PF6], RT, 72 h 1.1:1 93 83:17 4 
8 [P4,4,4,2][OTs], 80 °C, 24 h 
[P4,4,4,2][OTs], 0 °C, 24 h 
[P4,4,4,2][OTs], RT, 24 h 
[P8,8,8,2][OTs], 0 °C, 24 h 
1:1 
1:1 
1:1 
1:1 
86 
44 
58 
55 
75:25 
80:20 
80:20 
80:20 
114 
9 BBr/Al2O3, toluene, RT, 1 h 
B-bromocatecholborane, CH2Cl2, RT, 3 h 
1:3.3 
1:3.3 
88 
49 
93:7 
95:5 
122 
10 All reaction below in toluene, 20 °C, 2 h    123 
 Zn-K10, unactived 
SiO2, actived at 140 °C, AlEt2Cl 
SiO2, actived at 140 °C, TiCl4 
Al2O3, activated at 140 °C, AlEt2Cl 
3:1 
1:1 
1:1 
1:1 
92 
98 
85 
93 
94:6 
95:5 
93:7 
92:8 
 
11 scCO2, 103 bar, 50 °C, 4 h 
scCO2, SiO2, 103 bar, 50 °C, 4 h 
1.5:1 
1.5:1 
5 
21 
72:28 
85:15 
124 
 
Table 2: Diels-Alder reactions of cyclopentadiene 1 with methyl acrylate 7. 
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1.6.1.2 Diels-Alder Reactions of Cyclopentadiene with Methyl Vinyl Ketone 
The Diels-Alder reaction of cyclopentadiene 1 with methyl vinyl ketone 8 leads to a mixture 
of endo-2-acetylbicyclo[2.2.1]hept-5-ene 18 and exo-2-acetylbicyclo[2.2.1]hept-5-ene 19, 
with endo isomer 18 as the preferred product. 
 
 
   1            8                      18                  19 
Figure 29: Diels-Alder reaction of cyclopentadiene 1 with methyl vinyl ketone 8. 
 
A literature review of the developments in this area showed that a great deal of research 
was ongoing in developing efficient reagents and reaction conditions; some of the 
developments are summarised in Table 3. Imidazolium ILs together with a series of 
catalysts provide excellent reaction media for the Diels-Alder reactions of cyclopentadiene 
and methyl vinyl ketone (entries1-2). Application of a microwave reduced the reaction time 
drastically (entry 3) compared to sonication (entry 5). A series of reactions in [hmim], with 
and without additives, showed that the best combination was [hmim][BF4]/K-10 where 
excellent yield and selectivity was achieved in 5 min (entry 4). A comparison of the 
phosphonioum with imidazolium cation can be perfomed using [bmim][NTf2] (entry 6) and 
[P6,6,6,14][NTf2] (entry 7) as examples. It can be concluded that the phosphonium cation is 
more effective than the imidazolium (ammonium) cation. Higher yield is observed with the 
smaller cation [P4,4,4,2] compared to the larger [P8,8,8,2] cation (entry 7). 
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Entry Conditions 1:8 Yield 
[%] 
18:19 
endo/exo
Ref. 
1 [HMI][BF4], Y(TfO)3/Sc(TfO)3, RT, 5 min 1.1:1 95 93:7 125 
2 [HMI][BF4], Ce(TfO)4·5H2O, RT, 5 min 1.1:1 >99 94:6 125 
3 [O=P(2-py)3W(CO)(NO)2][BF4]2, [bmim][PF6], 
RT, 0.75 h 
[O=P(2-py)3W(CO)(NO)2][BF4]2, [bmim][PF6], 
RT, 25 s, mw 
1:1 
 
1:1 
 
97 
 
92 
91:9 
 
89:11 
117 
4 [hmim][BF4], K-10, RT, 5 min 
[hmim][BF4], mw, 3 min 
[hmim][BF4], RT, 3 h 
[hmim][BF4], K-10, mw, 3 min 
[hmim][BF4], SiO2, mw, 3 min 
[hmim][BF4], Al2O3, mw, 3 min 
[hmim][BF4], mw, 3 min 
1.1:1 
1.1:1 
1.1:1 
1.1:1 
1.1:1 
1.1:1 
1.1:1 
96 
97 
79 
91 
95 
97 
97 
94:6 
77:23 
84:16 
83:17 
78:22 
67:33 
77:23 
119 
[hmim][Cl], RT, 30 min 
[hmim][Cl], K-10, RT, 5 min 
[hmim][Cl], mw, max 95 °C, 3 min 
1.1:1 
1.1:1 
1.1:1 
34 
16 
90 
83:17 
73:27 
50:50 
5 [bmim][NTf2], RT, 1 h 
[bmim][NTf2], sonication, RT, 1 h 
1.1:1 
1.1:1 
52 
89 
86:14 
88:12 
126 
6 [P6,6,6,14][NTf2], LiOTf/Li(NTf2)3, RT, 1 h 
[P6,6,6,14][NTf2], Mg(OTf)2, RT, 1 h 
[P6,6,6,14][NTf2], Zn(OTf)2, RT, 30 min 
[P6,6,6,14][NTf2], RT, 1 h 
1.5:1 
1.5:1 
1.5:1 
1.5:1 
91 
>95 
>95 
81 
85:15 
87:13 
92:8 
83:17 
115 
7 [PPh,Ph,Ph,4][OTs], 40 °C, 2 h 
[PPh,Ph,Ph,8][OTs], 40 °C, 2 h 
[P4,4,4,2][OTs], 0 °C, 24 h 
[P4,4,4,2][OTs], RT, 2 h 
[P4,4,4,2][OTs], RT, 24 h 
[P8,8,8,2][OTs], 0 °C, 24 h 
[P8,8,8,2][OTs], RT, 24 h 
1:1 
1:1 
1:1 
1:1 
1:1 
1:1 
1:1 
98 
87 
70 
74 
99 
79 
91 
80:20 
65:35 
85:15 
85:15 
85:15 
85:15 
80:20 
114 
8 scCO2, 103 bar, 50 °C, 4 h 
scCO2, SiO2, 103 bar, 50 °C, 4 h 
1.5:1 
1.5:1 
29 
82 
82:18 
92:8 
124 
 
Table 3: Diels-Alder reactions of cyclopentadiene 1 with methyl vinyl ketone 8. 
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1.6.1.3 Diels-Alder Reactions of Cyclopentadiene with Acrylonitrile 
The Diels-Alder reaction of cyclopentadiene 1 with acrylonitrile 9 leads to a mixture of 
endo-bicyclo[2.2.1]hept-5-ene-2-carbonitrile 20 and exo-bicyclo[2.2.1]hept-5-ene-2- 
carbonitrile 21, with endo isomer 20 as the major product. 
 
  1    9       20       21 
Figure 30: Diels-Alder reaction of cyclopentadiene 1 with acrylonitrile 9. 
 
Entry Conditions 1:9 Yield 
[%] 
39:40 
endo/exo 
Ref. 
1 [HMI][BF4], RT, 1 h 1.1:1 17 66:34 125 
2 [HMI][BF4], Sc(OTf)3, RT, 24 h 1.1:1 40 63:37 125 
3 [O=P(2-py)3W(CO)(NO)2][BF4]2, H2O, RT, 
0.67 h 
[O=P(2-py)3W(CO)(NO)2][BF4]2, 
[bmim][PF6], RT, 0.75 h 
[O=P(2-py)3W(CO)(NO)2][BF4]2, 
[bmim][PF6], RT, 25 s 
1:1 
 
1:1 
 
1:1 
92 
 
91 
 
85 
91:9 
 
91:9 
 
89:11 
117 
4 [bmim][NTf2]-ZnI2/AlCl3/InCl3/Sc(OTf)3, 
RT, 4 h 
1.2:1 98 2.1 118 
5 [hmim][BF4], mw, 3 min 1.1:1 85 60:40 119 
6 [bmim][NTf2], RT, 1 h 
[bmim][NTf2], sonication, RT, 1 h 
1.1:1 
1.1:1 
17 
18 
65:35 
64:36 
126 
7 scCO2, 103 bar, 50 °C, 4 h 
scCO2, SiO2, 103 bar, 50 °C, 4 h 
1.5:1 
1.5:1 
5 
14 
57:43 
59:41 
124 
 
Table 4: Diels-Alder reactions of cyclopentadiene 1 with acrylonitrile 9. 
 
Surprisingly, a review of the literature showed that PILs were not studied as solvents for the 
Diels-Alder reactions of cyclopentadiene with acrylonitrile. The reaction conducted in some 
imidazolium ILs showed that the anion did not affect the reaction yield and selectivity 
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(entries 1 and 6). In addition, sonication had no effect (entry 6). Comparison of the reaction 
conducted separarely in water and [bmim][PF6] in the presence of a tungsten catalyst, 
showed that the IL offered no advantage (entry 3). In addition, the reaction in the absence 
of the catalyst produced much lower selectivity (60:40 compared to 89:11, entries 3 and 5). 
Supercritical CO2 offered no advantage. 
 
 
1.6.1.4 Diels-Alder Reactions of Cyclopentadiene with Acrolein 
The Diels-Alder reaction of cyclopentadiene 1 with acrolein 14 leads to a mixture of 
endo-bicyclo[2.2.1]hept-5-ene-2-carbaldehyde 22 and exo-bicyclo[2.2.1]hept-5-ene-2- 
carbaldehyde 22 with endo isomer 23 as the major product. 
O
+ +
O
O
 
  1        14      22     23 
Figure 31: Diels-Alder reaction of cyclopentadiene 1 with acrolein 14. 
 
Entry Conditions 1:14 Yield 
[%] 
22:23 
endo/exo 
Ref. 
1 [HMI][BF4], RT, 2 h 1.1:1 59 77:23 125 
2 [HMI][BF4], Ce(TfO)4·5H2O, RT, 5 min 1.1:1 92 86:18 125 
3 [bmim][NTf2]-ZnI2/AlCl3/Sc(OTf)3, RT, 2 h 
[bmim][NTf2], sonication, RT, 4 h 
[bmim][NTf2], RT, 8 h 
[bmim][NTf2], mw, RT, 10 min 
1.2:1 
1.2:1 
1.2:1 
1.2:1 
97 
93 
80 
94 
94:6 
84:16 
81:19 
80:20 
118 
4 [hmim][BF4], mw, 3 min 1.1:1 96 76:24 119 
5 [bmim][NTf2], RT, 1 h 
[bmim][NTf2], sonication, RT, 1 h 
1.1:1 
1.1:1 
59 
71 
78:22 
88:22 
126 
6 Benzene, 65 °C, 18 h - 75 76:24 127 
 
Table 5: Diels-Alder reactions of cyclopentadiene 1 with acrolein 14. 
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Developments in this area have focused mainly on the application of ILs as solvents to 
enhance yields and selectivities. It was found that the yield and selectivity improved by the 
addition of catalysts (entries 2-3) and similar to previous examples, the effect of sonication 
and microwave reduced the reaction times (entries 3-5).  
 
 
1.6.1.5 Diels-Alder Reactions of Cyclopentadiene with Dimethyl Maleate 
The Diels-Alder reaction of cyclopentadiene 1 with dimethyl maleate 10 leads to a mixture 
of endo-2-dimethyl[2.2.1]hept-5-ene-2-dicarboxylate 24 and exo-2-dimethyl[2.2.1]hept-5- 
ene-2-dicarboxylate 25, with endo isomer 24 as the major product. 
 
O
O
+ CO2CH3O
O
CO2CH3
CO2CH3 +
CO2CH3
 
   1         10                      24                25 
Figure 32: Diels-Alder reaction of cyclopentadiene 1 with dimethyl maleate 10. 
 
Similar to the trends observed in the reactions of methyl acrylate, the imidazolium ILs with 
the lactate anion were superior to BF4 and NTF2; reaction times were halved (entry 1). The 
reaction conducted in [P6,6,6,14][NTf2] gave a poor yield, an improvement in yield was 
achieved by the addition of Lewis acids (entry 2). The highest yield was obtained in the 
presence of Mg(OTf)2 and the highest selectivity was observed in the presence of Li Lewis 
acids (entry 2). Good yields and selectivities were also obtained with phosphonium 
tosylates in the absence of any additives. The tosylate anion appears to give a slightly 
higher selectivity compared to the NTf2 anion. 
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Entry Conditions 1:10 Yield 
[%] 
24:25 
endo/exo 
Ref. 
1 [mim][DL-Lactate], RT, 24 h 
[bim][DL-Lactate], RT, 24 h 
[dim][L-Lactate], RT, 24 h 
[bomim][DL-Lactate], RT, 24 h 
[bomim][L-Lactate], RT, 24 h 
[bomim][Salicylate], RT, 24 h 
[mim][BF4], RT, 48 h 
[mim][NTf2], RT, 48 h 
1.5:1 
1.5:1 
1.5:1 
1.5:1 
1.5:1 
1.5:1 
1.5:1 
1.5:1 
97 
96 
95 
92 
92 
95 
94 
95 
79:21 
78:22 
76:24 
77:23 
77:23 
77:23 
80:20 
84:16 
116 
2 [P6,6,6,14][NTf2], LiOTf, RT, 4 h 
[P6,6,6,14][NTf2], Li(NTf2)3, RT, 4 h 
[P6,6,6,14][NTf2], Mg(OTf)2, RT, 4 h 
[P6,6,6,14][NTf2], Zn(Otf)2, RT, 4 h 
[P6,6,6,14][NTf2], YbCl3, RT, 4 h 
[P6,6,6,14][NTf2], InCl3, RT, 4 h 
[P6,6,6,14][NTf2], RT, 4 h 
1.5:1 
1.5:1 
1.5:1 
1.5:1 
1.5:1 
1.5:1 
1.5:1 
83 
88 
>95 
49 
58 
45 
27 
89:11 
90:10 
86:14 
87:13 
84:16 
76:24 
72:28 
115 
3 [P8,8,8,2][OTs], 20 °C, 24 h 
[P4,4,4,2][OTs], 20 °C, 24 h 
1:1 
1:1 
75 
80 
75:25 
77:23 
128 
 
Table 6: Diels-Alder reactions of cyclopentadiene 1 with dimethyl maleate 10. 
 
 
1.6.2 Diels-Alder Reactions of Isoprene 
1.6.2.1 Diels-Alder Reactions of Isoprene with Methyl Acrylate 
The Diels-Alder reaction of isoprene 2 with methyl acrylate 7 (Figure 33) leads to a mixture 
of 4-methyl-1-carbomethoxy-3-cyclohexene 26 and 3-methyl-1-carbomethoxy-3-cyclo- 
hexene 27.  
 
          2           7                      26               27 
Figure 33: Diels-Alder reaction of isoprene 2 with methyl acrylate 7. 
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The neat reaction of isoprene with methyl acrylate at RT for 24 h failed to give the desired 
adducts (entry 1). Supercritical CO2 as the solvent was not synthetically useful (entry 2). 
The same reaction in toluene at 145 °C gave 78 % yield with para:meta ratio 71:29 (entry 
3). Higher selectivities were obtained in toluene with the addition of boron salts/Al2O3 (entry 
4). Palladium and zirconium complexes dissolved in CH2Cl2 similarly gave high selectivies 
(entries 4-5). Excellent selectivities (>99:1) were observed when the reactions were 
conducted in phosphonium tosylate ILs (entry 8).  
 
Entry Conditions 2:7 Yield 
[%] 
26:27 
ratio 
Ref. 
1 RT, 24 h 
DEAC, RT, 24 h 
1.04:1 
1.04:1 
0 
51.6 
- 
- 
129 
2 ScCO2, 103 bar, 80 °C, 24 h 
ScCO2, SiO2, 103 bar, 80 °C, 24 h 
1.5:1 
1.5:1 
2 
3 
68:32 
73:27 
124 
3 Toluene, 145 °C, 15 h 
Toluene, 50 °C, 3 d 
- 
- 
78 
7 
71:29 
69:31 
130 
4 B2Cl3/Al2O3, toluene, RT, 3 h 
BBr/Al2O3, toluene, RT, 3 h 
BBr/Al2O3, RT, 3 h 
BI/Al2O3, toluene, RT, 3 h 
B-chlorocatecholborane, CH2Cl2, RT, 3 h 
B-bromocatecholborane, CH2Cl2, RT, 3 h 
1:3.3 
1:3.3 
1:3.3 
1:3.3 
1:3.3 
1:3.3 
80 
76 
62 
56 
94 
63 
97:3 
98:2 
98:2 
71:29 
96:4 
96:4 
122 
5 [Pd(PPh3)2(CH3CN2)][BF4]2, CH2Cl2, RT, 20 h 1.1:1 55 98:2 131 
6 PhCH3, 145 °C, 15 h 
scCO2, 49.5 bar, 50 °C, 4 days 
2:1 
2:1 
78 
11 
71:29 
69:31 
130 
7 Cationic alkoxyzirconocene complex, 
CH2Cl2, 25 °C, 5.5 h 
2.5:1 64 96:4 132 
8 [P8,8,8,2][ΟΤs], 70-80 °C, 24 h 
[P4,4,4,2][ΟΤs], 70-80 °C, 24 h 
[PPh,Ph,Ph,2][ΟΤs], ΖnCl2, 110-120 °C, 24 h 
[PPh,Ph,Ph,8][ΟΤs], 110-120 °C, 24 h 
[P4,4,4,4][ΟΤs], 110-120 °C, 24 h 
1:1.5 
1:1.5 
1:1.5 
1:1.5 
1:1.5 
34 
68 
89 
72 
87 
>99:1 
>99:1 
>99:1 
93:7 
91:9 
110 
 
Table 7: Diels-Alder reactions of isoprene 2 with methyl acrylate 7. 
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1.6.2.2 Diels-Alder Reactions of Isoprene with Methyl Vinyl Ketone 
The Diels-Alder reaction of isoprene 2 with methyl vinyl ketone 8 leads to a mixture of 
4-acetyl-1-methylcyclohexene 28 and 3-methyl-1-carbomethoxy-3-cyclohexene 29.  
 
2           8                    28                29 
Figure 34: Diels-Alder reaction of isoprene 2 with methyl vinyl ketone 8. 
 
Entry Conditions 2:8 Yield 
[%] 
28:29 
ratio 
Ref. 
1 [Pd(PPh3)2(CH3CN2)][BF4]2, CH2Cl2, RT, 
20 h 
1.1:1 
 
0 
 
- 
 
131 
2 RT, 24 h 
DEAC, RT, 24 h 
AITPPCI, RT, 24 h 
1.04:1 
1.04:1 
1.04:1 
0 
48.2 
3.8 
- 
- 
- 
129 
3 scCO2, 103 bar, 80 °C, 24 h 
scCO2, SiO2, 103 bar, 80 °C, 24 h 
1.5:1 
1.5:1 
5 
35 
67:33 
73:27 
124 
4 [PPh,Ph,Ph,8][OTs], 80 °C, 24 h 
[P4,4,4,4][OTs], 80 °C, 17 h 
[PPh,Ph,Ph,4][OTs], 40 °C, 24 h 
[PPh,Ph,Ph,4][OTs], 80 °C, 1.5 h 
[PPh,Ph,Ph,4][OTs], 80 °C, 24 h 
1.5:1 
1:1.5 
1:1 
1:1.5 
1:1.5 
78 
22 
27 
57 
87 
>99:1 
>99:1 
>99:1 
>99:1 
>99:1 
110 
5 PhCH3, 120 °C, 15 h 1:1.5 71 71:29 133 
6 [O=P(2-py)3W(CO)(NO)2][BF4]2, 
[bmim][PF6], RT, 1.7 h 
[O=P(2-py)3W(CO)(NO)2][BF4]2, 
[bmim][PF6], RT, 35 s, MW 
1:1 
 
1:1 
78 
 
83 
- 
 
- 
117 
7 Aluminosilasesquioxane, 20 °C, 4.5 h 1:1 90 88:12 134 
8 [bmim][PF6], 20 °C, 18 h 
[bmim][PF6], ZnCl2, 20 °C, 18 h 
1.5:1 
1.5:1 
11 
98 
80:20 
95:5 
104 
 
Table 8: Diels-Alder reactions of isoprene 2 with methyl vinyl ketone 8. 
The neat reactions of isoprene with methyl vinyl ketone at RT or in the precence of a 
palladium complex failed (entries 1-2). Supercritical CO2 gave poor yields and selectivities 
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similar to previous Diels-Alder reactions. Excellent para:meta ratios (>99:1) were obtained 
in phosphonium tosylate ILs (entry 4), but the yields were lower when compared to 
[bmim][PF6] in the presence of a tungsten catalyst (entry 6). The Lewis acid ZnI2 enhanced 
the yield and selectivity significantly, compared to the reaction conducted in [bmim][PF6] 
only (entry 8). 
 
 
1.6.2.3 Diels-Alder Reactions of Isoprene with Acrylonitrile 
The Diels-Alder reaction of isoprene 2 with methyl vinyl ketone 9 leads to a mixture of 
4-methyl-3-cyclohexene-1-carbonitrile 30 and 3-methyl-3-cyclohexene-1- carbonitrile 31. 
Some developments in this area are summarised in Table 9. 
 
 
2          9                      30                31 
Figure 35: Diels-Alder reaction of isoprene 2 with acrylonitrile 9. 
 
Entry Conditions 2:9 Yield 
[%] 
30:31 
ratio 
Ref. 
1 CH2Cl2, 20 °C, 72 h 
[EtPy][CF3CO2], 20 °C, 2 h 
[EtPy][CF3CO2], 20 °C, 24 h 
[EtPy][BF4], 20 °C, 2 h 
[EtPy][BF4], 20 °C, 24 h 
[EtPy][CF3CO2], 0 °C, 2 h 
[EtPy][CF3CO2], 45 °C, 2 h 
1.5:1 
1.5:1 
1.5:1 
1.5:1 
1.5:1 
1.5:1 
1.5:1 
12 
90 
97 
42 
64 
81 
98 
64:36 
89:11 
75:25 
84:16 
66:34 
98:2 
67:33 
135 
2 [P4,4,4,2][OTs], 80 °C, 24 h 
[PPh,Ph,Ph,2][OTs], 80 °C, 24 h 
[PPh,Ph,Ph,8][OTs], 80 °C, 24 h 
[P4,4,4,4][OTs], 80 °C, 24 h 
[PPh,Ph,Ph,4][OTs], 80 °C, 24 h 
1:1.5 
1:1.5 
1:1.5 
1:1.5 
1:1.5 
18 
13 
32 
18 
38 
70:30 
72:28 
72:28 
76:24 
69:31 
110 
 
Table 9: Diels-Alder reactions of isoprene 2 with acrylonitrile 9. 
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A poor result was observed when the reaction was conducted in CH2Cl2, but a dramatic 
improvement in both yield and selectivity were afforded in [EtPy][CF3CO2] (98:2, entry 1) 
under mild conditions and in relatively short reaction time. In phosphonium tosylate ILs, the 
reaction yields and selectivities were lower (entry 2). 
 
 
1.6.2.4 Diels-Alder Reactions of Isoprene with Acrolein 
The Diels-Alder reaction of isoprene 2 with acrolein 14 leads to a mixture of 
4-methylcyclohex-3-enecarbaldehyde 32 and 3-methylcyclohex-3-enecarbaldehyde 33.  
 
2   14      32     33 
Figure 36: Diels-Alder reaction of isoprene 2 with acrolein 14. 
 
Entry Conditions 2:14 Yield 
[%] 
32:33 
ratio 
Ref. 
1 RT, 24 h 
DEAC, RT, 24 h 
AITPPCI, RT, 24 h 
1.04:1 
1.04:1 
1.04:1 
0 
48.3 
47.8 
- 
- 
- 
129 
2 Aluminosilasesquioxane, 20 °C, 3.5 h 1:1 90 95:5 134 
3 [O=P(2-py)3W(CO)(NO)2][BF4]2, 
[bmim][PF6], RT, 1.7 h 
[O=P(2-py)3W(CO)(NO)2][BF4]2, 
[bmim][PF6], RT, 5 h 
1:1 
 
1:1 
85 
 
91 
 
- 
 
- 
117 
 
Table 10: Diels-Alder reactions of isoprene 2 with acrolein 14. 
 
Isoprene and acrolein did not react at RT under neat conditions. The reactions worked 
moderately well in the presence of DEAC and AITPPCI (entry 1). Aluminosilasesquioxane, 
a gel material which contains the aluminium siloxy (Al-O-Si) functionality, was found to be 
an excellent catalyst for the reaction; a high yield, coupled with excellent selectivity (95:5, 
 37
Chapter 1  Introduction  
 
entry 2) was obtained. High yields and short reaction times were obtained when a tungsten 
catalyst, [O=P(2-py)3W(CO)(NO)2][BF4]2, was added to [bmim][PF6] (entry 3). However the 
selectivies obtained were not recorded. 
 
 
1.6.2.5 Diels-Alder Reactions of Isoprene with Dimethyl Maleate 
The Diels-Alder reaction of isoprene 2 with dimethyl maleate 10 leads to dimethyl 
4-methylcyclohex-4-ene-1,2-dicarboxylate 34.  
 
2   10       34 
Figure 37: Diels-Alder reaction of isoprene 2 with dimethyl maleate 10. 
 
There are few examples of developments in this area. The reaction in benzene in the 
presence of hydroquinone and at higher temperature afforded a good yield (79 %, entry 1). 
The same yield was achieved in the presence of a Lewis acid at RT; the reaction time was 
shorter.  
 
Entry Conditions 2:10 Yield 
[%] 
Ref. 
1 Hydroquinone, benzene, 140 °C, 5 h 3.5:1 79 136
2 Titanium Lewis acid, 20 °C, 2 h 5:1 79 137
 
Table 11: Diels-Alder reactions of isoprene 2 with dimethyl maleate 10. 
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1.6.3 Diels-Alder Reactions of 2,3-Dimethylbuta-1,3-diene 
1.6.3.1 Diels-Alder Reactions of 2,3-Dimethylbuta-1,3-diene with Methyl Acrylate 
 
The Diels-Alder reaction of 2,3-dimethylbuta-1,3-diene 3 with methyl acrylate 7 leads to 
methyl 3,4-dimethylcyclohex-3-enecarboxylate 35.  
 
3     7         35 
Figure 38: Diels-Alder reaction of 2,3-dimethylbuta-1,3-diene 3 with methyl acrylate 7. 
 
The reaction conducted in CD2Cl2 and biphenylenediol required a long reaction time and 
was not synthetically useful. A similar poor yield was obtained when the reaction was 
carried out in CH2Cl2 with YbCl3 as the catalyst (9 %, entry 2). The reaction in the presence 
of SiO2 at higher temperature gave a moderate result (entry 3). At 0 °C, the yield in hexane 
as a solvent and nanoporous clay AI-HMS as catalyst (entry 6), was superior to the 
reaction using the boron catalyst (entry 4). As expected, microwave irradiation reduced the 
reaction time and a good result was observed. The highest yield was obtained when the 
reaction was conducted in toluene with Ph3CB(C6F5)4 (96 %, entry 7). 
 
Entry Conditions 3:7 Yield 
[%] 
Ref. 
1 Biphenylenediol, CD2Cl2, 55 °C, 120 h 10:1 10 138
2 YbCl3, CH2Cl2, RT, 16 h 1:1 9 139
3 SiO2, 100 °C, 4 h 1:1 60 140
4 Catechol, BBr3, 0 °C, 5 h >1:1 78 141
5 Toluene, mw, 5 min 1:1 80 142
6 Nanoporous AI-HMS, hexane, -1 °C, 8 h 3:1 94 143
7 Ph3CB(C6F5)4, toluene, 27 °C, 8 h 1:1 96 120
 
Table 12: Diels-Alder reactions of 2,3-dimethylbuta-1,3-diene 3 with methyl acrylate 7. 
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1.6.3.2 Diels-Alder Reactions of 2,3-Dimethylbuta-1,3-diene with Methyl Vinyl 
Ketone 
The Diels-Alder reaction of 2,3-dimethylbuta-1,3-diene 3 with methyl vinyl ketone 10 leads 
to 1-(3,4-dimethylcyclohex-3-enyl)ethanone 36. Table 13 gives an overview of some of the 
studies carried out on this reaction. 
 
 3      8      36 
Figure 39: Diels-Alder reaction of 2,3-dimethylbuta-1,3-diene 3 with methyl vinyl ketone 8. 
 
Entry Conditions 3:8 Yield 
[%] 
Ref. 
1 Cu(I)/Y-zeolite, CH2Cl2, 0 °C, 24 h 1:1 87 144
2 [Bmim][PF6], Sc(OTf)3, CH2Cl2, 20 °C, 20 h 3:1 88 145
3 YbCl3, CH2Cl2, RT, 16 h 1:1 86 139
4 [O=P(2-py)3W(CO)(NO)2](BF4)2, [Bmim][PF6],  
20 °C, 4 h 
1:1 81 117
5 Methylrhenium trioxide, CHCl3, RT, 1 h 1:1 92 146
6 Dry state adsorption conditions on SiO2,  
20 °C, 1 h 
1:1 92 140
7 Yb(N(SO2C4F9)2)3, benzotrifluoride, RT, 0.5 h - 95 147
8 Sc(OTf)3, CH2Cl2, 25 °C, 20 h 1:1.5 97 148
9 Pd/borosilicate, mw, dimethylsulfoxide, 3 min 1:1.5 70 149
 
Table 13: Diels-Alder reactions of 2,3-dimethylbuta-1,3-diene 3 with methyl vinyl ketone 8. 
 
The Diels-Alder reaction of 2,3-dimethylbuta-1,3-diene with methyl vinyl ketone requires a 
catalyst. Similar results were obtained in CH2Cl2 with catalysts Cu(I)/Y-zeolite, [Bmim][PF6], 
Sc(OTf)3 and YbCl3 (87 %, entries 1-3); and a 10 % improvement in yield was observed in 
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the absent of IL (entry 8). The tungsten complex catalyst and microwave irradiation 
reduced the reaction times and gave moderate yields (entries 4, 9). The reaction with 
methylrhenium trioxide in CHCl3, or using the alternative method with dry state adsorption 
conditions on SiO2, afforded a good yield in 1 h (92 %, entries 5-6). A slightly higher yield 
was observed in benzotrifluoride with Yb(N(SO2C4F9)2)3 and the reaction time was only 30 
min (entry 7). 
 
 
1.6.3.3 Diels-Alder Reactions of 2,3-Dimethylbuta-1,3-diene with Dimethyl Maleate 
The Diels-Alder reaction of 2,3-dimethylbuta-1,3-diene 3 with dimethyl maleate 10 leads to 
dimethyl 4,5-dimethylcyclohex-4-ene-1,2-dicarboxylate 37.  
 
                 3     10      37 
Figure 40: Diels-Alder reaction of 2,3-dimethylbuta-1,3-diene 3 with dimethyl maleate 10. 
 
Lewis acid catalysis has been successfully applied to the Diels-Alder reactions of 
2,3-dimethylbuta-1,3-diene with dimethyl maleate. Excellent yields of dimethyl 
4,5-dimethylcyclohex-4-ene-1,2-dicarboxylate were obtained. The effect of ILs on this 
reaction has not been studied as yet. 
 
Entry Conditions 3:10 Yield 
[%] 
ee Ref. 
1 Catechol BBr3 and ferrocenium 
hexafluorophosphate, 0 °C, 6 h 
>1:1 91 - 141
2 Titanium Lewis acid, CH2Cl2·Et2O, RT, 2 h 5:1 79 92 137
 
Table 14: Diels-Alder reactions of 2,3-dimethylbuta-1,3-diene 3 with dimethyl maleate 10. 
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1.6.3.4 Diels-Alder Reactions of 2,3-Dimethylbuta-1,3-diene with Acrylonitrile 
The Diels-Alder reaction of 2,3-dimethylbuta-1,3-diene 3 with acrylonitrile 9 leads to 
3,4-dimethylcyclohex-3-enecarbonitrile 38.  
 
 
      3     9         38 
Figure 41: Diels-Alder reaction of 2,3-dimethylbuta-1,3-diene 3 with acrylonitrile 9. 
 
Poor yields of 3,4-dimethylcyclohex-3-enecarbonitrile were obtained in the absence of any 
addative; 33% yield was obtained in 1,2-dichloroethane as the solvent. Excellent yield was 
obtained in 6 h in the catechol BBr3 catalysed reaction (entry 2). A quantitative yield of the 
adduct was obtained in just 25 min in supercritical water (entry 3). This may be as a result 
of the high tempterature rather than the solvent. Microwave mediated synthesis was also 
successful. 
 
Entry Conditions 3:9 Yield 
[%] 
Ref. 
1 Catechol BBr3, CH2Cl2, 0 °C, 6 h >1:1 91 141
2 1,2-dichloroethane, 70 °C, 72 h 1:1 33 150
3 Supercritical H2O, 293 °C, 25 min - 100 151
4 NaCl, H2O, mw, 77 bar,  2:1 65 152
5 SiC heating element, toluene, mw, 20 min - 95 153
 
Table 15: Diels-Alder reactions of 2,3-dimethylbuta-1,3-diene 3 with acrylonitrile 9. 
 
 
1.6.4 Diels-Alder Reactions of Furan  
1.6.4.1 Diels-Alder Reactions of Furan with Methyl Acrylate 
The Diels-Alder reaction of furan 4 with methyl acrylate 7 leads to a mixture of methyl 
7-oxabicyclo[2.2.1]hept-5-ene-endo-2-carboxylate 39 and methyl 7-oxabicyclo[2.2.1]hept- 
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5-ene-exo-2-carboxylate 40. 
O +
O
O
O
O
O
O +
O
O
 
4      7        39      40 
Figure 42: Diels-Alder reaction of furan 4 with methyl acrylate 7. 
 
The reaction of furan with methyl acrylate catalysed by ZnI2 favours the exo-isomer. The 
same reaction conducted in bmim][BF4], improved the yield and reversed the selectivity 
(entries 1-2).  Unfortunately no selectivity was recorded for the reaction conducted in Et2O 
(entry 3). SiO2 is a poor catalyst for the reaction; addition of Zn and Ti drastically improved 
the yields (entrie 1-3). 
Entry Conditions 4:7 Yield 
[%] 
39:40 
ratio 
Ref. 
1 ZnI2, 40 °C, 48 h 1.4:1 55 34:66 154
2 [bmim][BF4], ZnI2, RT, 48 h 
[bmim][PF6], ZnI2, RT, 48 h 
1.4:1 
1.4:1 
75 
73 
64:36 
58:42 
155
3 Et2O, CH2Cl2, 23 °C, 72 h 1:1 78 - 156
4 SiO2, 25 °C, 24 h 
SiO2-Zn, 25 °C, 24 h 
SiO2-Ti, 25 °C, 24 h 
6:1 
6:1 
6:1 
8 
75 
71 
- 
81:19 
73:27 
123
 
Table 16: Diels-Alder reactions of furan 4 with methyl acrylate 7. 
 
 
1.6.4.2 Diels-Alder Reactions of Furan with Methyl Vinyl Ketone 
There are two pathways for the reaction of furan 4 with methyl vinyl ketone 8. The 
Diels-Alder reaction affords the usual mixture of endo-2-acetyl-7-oxabicyclo[2.2.1]hept-5- 
ene 41 and exo-2-acetyl-7-oxabicyclo[2.2.1]hept-5-ene 42 isomers and the Michael 
reaction gives 4-(furan-2-yl)butan-2-one 43 and 4,4'-(furan-2,5-diyl)dibutan-2-one 44 as 
products.
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Figure 43: Reaction of furan 4 with methyl vinyl ketone 8. 
 
Entry Conditions 4:8 (Product)Yield% Ref.
1 Zeolite NiX, 20 °C, 6 h - (41)35%:(42)19% 157
2 LiClO4, pyrogallol, Et2O, 20 °C, 
16 h 
- (41)56%:(42)17% 158
3 H2O, high pressure, 30 °C, 24 h - (41)15%:(42)8% 159
4 0 °C, 1 h 
25 °C, 1 h 
-50→25 °C, 3 h 
-50→0 °C, 6 h 
K10-Zn(II), 0 °C, 3 h 
mw, 1 min 
mw, 5 min 
1:1
1:1
1:1
1:1
1:1
1:1
1:1
(41)5%:(42)16%:(43)13%:(44)31%
(43)37%:(44)49%
(41)13%:(42)19%:(43)4%:(44)4%
(41)38%:(42)34%:(44)4%
(41)14%:(42)16%
(43)11%:(44)57%
(44)74%
160
5 Acetic acid, H2O, high pressure, 
100 °C, 2 h  
- (43)23%:(44)40% 161
6 BF3 etherate, ethanol, 
nitromethane, -20 °C, 1 h 
- (43)16%:(44)48% 162
7 [P(2-pyridyl)3W(CO)(NO)2] 
[BF4]2, 20 °C, 10 h 
- (44)94% 163
8 AuCl3, acetonitrile, 20 °C - (44)79% 164
9 Yttrium(III) triflates, CH2Cl2, 
25 °C, 2 h 
- (44)70% 165
 
Table 17: Diels-Alder reactions of furan 4 with methyl vinyl ketone 8. 
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The Diels-Alder adducts are exclusively formed in the presence of zeolite NiX, K10-Zn and 
LiClO4 (entries 1-3). A silimar result was obtained in water under high pressure (entry 4). 
The neat reaction at 0 °C gave all four products with a preference for 4,4'-(furan-2,5-diyl) 
dibutan-2-one 44. At -50 °C, the Diels-Alder adducts were preferred, and increasing the 
temperature to 25 °C reversed the preference to the Michael adducts (entry 4). Appropriate 
choice of catalysts can shift the selectivity so that the Michael reaction is favoured 
exclusively (entries 7-9).  
 
 
1.6.4.3 Diels-Alder Reactions of Furan with Dimethylacetylene Dicarboxylate 
The Diels-Alder reaction of furan 4 with dimethylacetylene dicarboxylate 11 leads to a 
mixture of three products: dimethyl 7-oxabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate 
45, and 2-adducts: exo-product 46 and endo-product 47 which are formed by further 
Diels-Alder reactions of 45 with furan. 
 
 
 
Figure 44: Diels-Alder reaction of furan 4 with dimethylacetylene dicarboxylate 11. 
 
Dimethyl 7-oxabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate 45, was formed exclusively 
in 2 min under microwave conditions (entry 1).The reaction conducted in Et2O and under 
pressure gave a mixture of exo-product 46 and endo-product 47, with the exo-product 
being favoured (entry 2). A poor yield was observed when the reaction was conducted in 
the dark; these conditions also favoured products 46 and 47, with the endo-isomer 47 
being the major product. Reactions in ILs in the presence of ZnI2 gave low yields; 
unfortunately no selectivities were published (entry 3). 
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Entry Conditions 4:11 Yield 
[%] 
45:46:47 Ref. 
1 Pd/borosilicate, dimethylsufoxide, mw,  
2 min 
mw, 115 °C 
1:1.5 
 
1:1.5 
74 
 
10 
100:0:0 
 
- 
149
2 Et2O, high pressure, RT, 20 h 5:1 66 66:34(46+47) 166
3 Dark, 25 °C, 20 d 2.1:1 24 0:26:74 167
4 100 °C, 20 h 1:1.4 47 - 168
5 K10-Zn(II), 25 °C, 4 d 
K10-Zn(II), 25 °C, 4 d 
1:1 
4:1 
- 
- 
3:0:1 
8:1:10 
160
6 [bmim][BF4], ZnI2, RT, 48 h 
[bmim][PF6], ZnI2, RT, 48 h 
1.4:1 
1.4:1 
32 
19 
- 
- 
155
 
Table 18: Diels-Alder reactions of furan 4 with dimethylacetylene dicarboxylate 11. 
 
 
1.6.4.4 Diels-Alder Reactions of Furan with Maleic Anhydride 
The Diels-Alder reaction of furan 4 with maleic anhydride 12 leads to a mixture of 
endo-7-oxa-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid anhydride  48 and exo-7-oxa- 
bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid anhydride 49. 
 
 4    12      48     49 
Figure 45: Diels-Alder reaction of furan 4 with maleic anhydride 12. 
 
The Diels-Alder reactions of these reactants favour the exo-products. Imidazolium ILs in 
combination with Lewis acids do not offer any advantage over conventional solvents such 
as toluene, benzene, Et2O, THF and CHCl3. 
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Entry Conditions 4:12 Yield 
[%] 
48:49 
endo/exo
Ref. 
1 [bmim][BF4], ZnI2, RT, 48 h 
[bmim][PF6], ZnI2, RT, 48 h 
1.4:1 
1.4:1 
79 
52 
0:100 
0:100 
155
2 [bmim][PF6], Sc(OTf)3, 20 °C, 4 h 3:1 71 0:100 145
3 Toluene, RT, 48 h 1.2:1 88 - 169
4 Benzene, RT, 12 h - 95 - 170
5 LiOTf, acetone-d6, 25 °C, 13.5 h 10:1 83 0:100 171
6 Et2O, 30 °C, 48 h 5.5:1 97 0:100 172
7 THF, RT, 16 h 1.1:1 65 0:100 173
8 CHCl3, 30 °C, 24 h 1:1 75 - 174
 
Table 19: Diels-Alder reactions of furan 4 with maleic anhydride 12. 
 
 
1.6.4.5 Diels-Alder Reactions of Furan with Maleimide 
The Diels-Alder reaction of furan 4 with maleimide 13 leads to a mixture of 
endo-7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboximide 50 and exo-2-7-oxabicyclo[2.2.1] 
hept-5-ene-2,3-dicarboximide 51. 
NH
O
O
O +
O
NH
O
O
O
NH
O
O
+
 
 4    13      50     51 
Figure 46: Diels-Alder reaction of furan 4 with maleimide 13. 
 
Appropriate choice of solvent allows for the exclusive formation of either 
endo-7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboximide 50 or exo-2-7-oxabicyclo[2.2.1] 
hept-5-ene-2,3-dicarboximide 51. Comparison of the reaction conditions suggests that it is 
the effect of the mixed H2O/Et2O solvent system rather than the absence of light which 
affected the selectivity of the reactions (entries 1 and 4). 
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Entry Conditions 4:13 Yield 
[%] 
50:51 
endo/exo 
Ref. 
1 Et2O, in dark, 7 days 
Et2O/H2O, sealed, 90 °C, 12 h 
5:1 
5:1 
75 
66 
0:100 
100:0 
175
2 Et2O, 25 °C, 48 h 1:1 71 - 176
3 Ethyl acetate, 90 °C, 3 h 1.1:1 75 0:100 177
4 Et2O, 90-100 °C, 12 h 1.5:1 62 0:100 71
 
Table 20: Diels-Alder reactions of furan 4 with maleimide 13. 
 
 
1.6.5 Diels-Alder Reactions of Pyrrole 
1.6.5.1 Diels-Alder Reactions Pyrrole of with Methyl Acrylate 
The Diels-Alder reaction does not occur for pyrrole 5 with methyl acrylate 7. Instead two 
products formed via the Michael addition reaction; the N-subtituted pyrrole, methyl 
3-(1H-pyrrol-1-yl)propanoate 52, and the double addition adduct, 4,4'-(1H-pyrrole-2,5-diyl) 
dibutan-2-one 53. The preference is for products 52 and 53. Under basic conditions methyl 
3-(1H-pyrrol-1-yl)propanoate 52 is obtained and 4,4'-(1H-pyrrole-2,5-diyl) dibutan-2-one 53 
is obtained in the presence of a Lewis acid. 
 
      5    7       52        53 
Figure 47: Reaction of pyrrole 5 with methyl acrylate 7. 
 
Entry Conditions 5:7 Yield 
[%] 
52:53 
 
Ref. 
1 [bmim][PF6], KOH, 80 °C, 1 h 1:2 78 100:0 178
2 Et2O, BF3 - - 0:100 179
 
Table 21: Reactions of pyrrole 5 with methyl acrylate 7. 
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1.6.5.2 Diels-Alder Reactions Pyrrole with Methyl Vinyl Ketone 
The reaction of pyrrole 5 with methyl vinyl ketone 8 via the Diels-Alder reaction leads to a 
mixture of 1-(endo-7-azabicyclo[2.2.1]hept-5-en-2-yl)ethanone 54 and 1-(exo-7-azabicyclo 
[2.2.1]hept-5-en-2-yl)ethanone 55. These reactants can also undergo the Michael reaction; 
they form 4-(1H-pyrrol-1-yl) butan-2-one 56, 4-(1H-pyrrol-2-yl)butan-2-one 57, 4,4'-(1H- 
pyrrole-2,5-diyl)dibutan-2-one 58 and 4,4',4''-(1H-pyrrole-2,3,5-triyl)tributan-2-one 59. 
 
Figure 48: Diels-Alder reaction of pyrrole 5 with methyl vinyl ketone 8. 
 
Most reaction conditions show a preference for the Michael products 4-(1H-pyrrol-2- 
yl)butan-2-one 57 and 4,4'-(1H-yrrole-2,5-diyl)dibutan-2-one 58. 4,4',4''-(1H-Pyrrole-2,3,5- 
triyl)tributan-2-one 59 was formed when an excess of methyl vinyl ketone was used (entry 
1). Under basic conditions the Michael addition in [bmim][PF6] resulted in the formation of 
the N-substituted product 56 (entry 2). Unusually, the Diels-Alder adducts formed when the 
Cr3+-Tonsil 13 catalyst was used; the endo-isomer 54 was preferred (entry 3). 
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Entry Conditions 5:8 (Product)Yield% Ref. 
1 Fe(BF4)2’H2O, CH3CN, 1 h 1:3 (57)1%:(58)37%:(59)12% 180
2 [bmim][PF6], KOH, 80 °C, 1 h 1:2 (56)75% 178
3 Cr3+-Tonsil 13 catalyst, 20 mun - (54)80%:(55)20% 181
4 MW, silica gel, CH2Cl2, 1 mun - (57)90%:(58)6% 182
5 HfCl4, CH2Cl2, 20 °C, 5 h 
HfBr4, CH2Cl2, 20 °C, 5 h 
- 
- 
(57)6%:(58)63% 
(58)43% 
183
6 Hf(OTf)4, CH2Cl2, 20 °C, 5 h - (57)27%:(58)34% 184
7 H3PW12O40, H2O, 20 °C, 2 h 
H3PMo12O40, H2O, 20 °C, 8 h 
- 
- 
(57)36%:(58)28% 
(58)86% 
185
8 InCl3, CH2Cl2, 20 °C, 5 h 
InCl3, CH2Cl2, 20 °C, 2 h 
- 
- 
(58)77% 
(57)85% 
186
9 Aq. Aluminium dodecyl sulphate, 
25 °C, 2.5 h 
Aq. Aluminium dodecyl sulphate, 
20 °C, 2 h 
- 
 
- 
(58)88% 
 
(57)85% 
187
10 I2, acetonitrile, 20 °C, 10 min - (58)91% 188
11 Triflic acid, H2O, 20 °C, 3 h - (58)84% 189
 
Table 22: Diels-Alder reactions of pyrrole 5 with methyl vinyl ketone 8. 
 
 
1.6.5.3 Diels-Alder Reactions Pyrrole with Dimethylacetylene Dicarboxylate 
The reaction of pyrrole 5 with dimethylacetylene dicarboxylate 11 can form dimethyl 
2-(1H-pyrrol-1-yl)maleate 60, dimethyl 2-(1H-pyrrol-2-yl)maleate 61, dimethyl 2-(1H-pyrrol- 
2-yl)fumarate 62, dimethyl 7-azabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate 63, 
tetramethyl 3a,7a-dihydro-1H-indole-2,3,3a,4-tetracarboxylate 64, dimethyl phthalate 65, 
trimethyl benzene-1,2,3-tricarboxylate 66 and (E)-4-(1H-pyrrol-1-yloxy)-2,3-dimethyl-4- 
oxobut-2-enoic acid 67. 
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Figure 49: Diels-Alder reaction of pyrrole 5 with dimethylacetylene dicarboxylate 11. 
 
Tetramethyl 3a,7a-dihydro-1H-indole-2,3,3a,4-tetracarboxylate 64, was formed selectively 
in Et2O as the solvent. The neat reaction and the use of CH2Cl2 gave a mixture of 61 and 
62. Changing the solvent to toluene and increasing the temperature formed products 64-67 
in very low yields (entry 3). 
 
Entry Conditions 5:11 (Product)Yield%  Ref. 
1 Et2O, reflux, 168 h - (64)50% 190 
2 High pressure, CH2Cl2, 40 °C, 
15 h 
- (61)16%:(62)2%:(64)10%:(67)3% 191
3 Toluene, 63 °C, 20 h 
25 °C, 4 d 
Et2O, reflux 
1:2 
- 
- 
(64)1%:(65)4%:(66)3%:(67)1%
(61+62)67%:(67)6%
(64)10%
192
 
Table 23: Diels-Alder reactions of pyrrole 5 with dimethylacetylene dicarboxylate 11. 
 
 
1.6.5.4 Diels-Alder Reactions Pyrrole with Maleic Anhydride 
The reaction of pyrrole 5 with maleic anhydride 12 can form 7-azabicyclo[2.2.1] 
hept-5-ene-exo-2-carboxylic anhydride 68, 7-azabicyclo[2.2.1]hept-5-ene-endo-2- 
carboxylic anhydride 69 and 3-(1H-pyrrol-2-yl)dihydrofuran-2,5-dione 70.  
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  5    12     68    69      70   
Figure 50: Reaction of pyrrole 5 with maleic anhydride 12. 
 
The reaction conducted in CHCl3 gave a low yield of the Diels-Alder adducts. Changing the 
solvent to Et2O afforded a satisfactory yield of the Micheal product 70. 
 
Entry Conditions 5:12 Yield 
[%] 
(Product) 
Yield% 
Ref. 
1 CHCl3, 30 °C, 48 h 1:1 22 (68+69)22% 174
2 Et2O, reflux, 2.5 h 1:1 67 (70)67% 193
 
Table 24: Reactions of pyrrole 5 with maleic anhydride 12. 
 
 
1.6.6 Diels-Alder Reactions N-Methyl Pyrrole 
1.6.6.1 Diels-Alder Reactions N-Methyl Pyrrole with Maleic Anhydride 
The Diels-Alder reaction of N-methylpyrrole 6 with maleic anhydride 12 can form a mixture 
of endo-N-methylbicyclo[2.2.1]hept-5-ene-2,3-dicarboxylimide 71 and 3-(1-methyl-1H- 
pyrrol-2-yl)dihydrofuran-2,5-dione 72. Papers by Mauro194,195 and Otto196 mentioned this 
reaction, but no reaction details were provided. Only products 71 and 72 were observed. 
 
    6      12           71       72 
Figure 51: Reaction of N-methylpyrrole 6 with maleic anhydride 12. 
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1.7  Microwave Assisted Organic Synthesis 
1.7.1 Introduction to Microwave Dielectric Heating 
 
Growth in chemistry is promoted by the development of new methods, which includes 
methods where energy is transferred into chemical reactions. Randall and Booth 
discovered fixed frequency microwave radiation during World War II. The Raytheon 
Company in 1946 filed a patent for the first microwave dielectric heating oven which was 
used in a restaurant in Boston. Two thirds of US families had microwave ovens by 1976, 
and these inexpensive, reliable, consumer friendly microwave ovens were made by 
Japanese electronics companies.  
 
Microwave ovens were developed for drying nylon in the 1950s and 1960s, for the reason 
that the microwave radiation did not interact with nylon. Microwaves can be successfully 
coupled with many materials including water, and in 1986 Gedye197, Majethich198 and their 
co-workers found that microwave conditions can accelerate a range of organic reactions. 
The use of microwave dielectric heating has been developed very fast in organic, inorganic 
and organometallic chemistry and there are numerous publications on the application of 
microwaves in synthesis.199,200  
 
 
1.7.2 Microwave Radiation Frequencies 
 
Frequencies from 30 GHz to 300 MHz (wavelengths from 1 cm to 1 m) constitute the 
microwave region of the electromagnetic spectrum. (Figure 52) The Industrial/domestic 
frequency is 2.45 GHz (wavelength 12.2 cm). 
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Figure 52: The electromagnetic spectrum. 
 
In the gas phase longer relaxation time of the excited states are needed because the 
molecules can move freely. In liquids, at higher frequency, a molecule’s rotation will 
influence the neighbouring molecules’ translational properties. The rotational energy of the 
first molecule is decreased and the translational energy of the second molecule is 
increased. In this manner, the rotational and translational motions of molecules in close 
proximity are influenced by the rotations at one centre through intermolecular interactions. 
Since strong dipole-dipole interactions and hydrogen bonding determine the intermolecular 
forces, the intermolecular perturbations will be greatest. This will not happen when the 
radiation is in the gas phase.201 
 
 
1.7.3 Theory of Dielectric Heating 
1.7.3.1 Relaxation Time  
The average relaxation time was first proposed by Debye, which is the average time it 
takes for a collection of molecules to randomise after electric field is switched off (Equation 
1).202 
 
 
 54
Chapter 1  Introduction  
 
τ = 4πr 3η/kT 
 
Where τ is the average relaxation time, r is size of the molecular,  
η is viscosity (intermolecular forces), k is constant and T is temperature. 
 
Equation 1: Debye equation. 
 
The viscosity is related to the intermolecular forces, which can be influenced by 
dipole-dipole and hydrogen bonding effects. The viscosities are similar in homologous 
solvents, but glycols have large viscosities because of the number of hydroxyl groups they 
possess, and this leads to the increase in relaxation time. Longer relaxation times are 
observed for the solvents with strong hydrogen bonding capabilities, and their higher 
viscosities increases the interaction of the molecules in the rotational process, which can 
react with microwaves effectively and heat rapidly. 
 
 
1.7.3.2 Loss Tangents  
Loss tangent (energy dissipation factor) is a parameter which demonstrates the abilities of 
materials to convert microwave energy into thermal energy at that frequency (Equation 2).  
 
tanδ = ε"/ε′ 
Where δ is loss tangent, ε" is the dielectric loss factor  
and ε′ is the dielectric constant. 
 
Equation 2: Loss tangent equation. 
 
Higher loss tangents were found for organic solvents such as alcohols than water which 
display strong hydrogen bonding. Therefore the solvents with high loss tangents have 
special dielectric and thermal properties, which can efficiently convert the microwave 
energy into thermal energy. 
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When an electric field is applied, because of translational motion of electric charges, ions 
cause increased collision rates and convert kinetic energy to heat. The change of 
temperature in tap water is faster than in distilled water, because of the higher 
concentration of ions in tap water. ILs with cations and ions which interact well with 
microwaves will be heated rapidly. 
 
Another advantage of microwave heating is that higher boiling temperatures (15-25 °C) 
than the thermodynamic boiling points can be reached in a microwave cavity. This is 
because the heating rates are faster than the rate of generation of nucleation sites at the 
conventional boiling point. Table 25 shows that the nucleation limited boiling points and 
their conventional boiling points of some solvents. 
 
Solvent Heating rate  
[°C/s] 
Conventional b.p. 
[°C] 
Nucleation limited b.p. 
[°C] 
H2O 1.01 100 104 
EtOH 
MeOH 
CH2Cl2 
MeCN 
THF 
2.06 
2.11 
2.16 
2.36 
2.04 
79 
65 
40 
82 
66 
103 
84 
55 
100 
81 
 
Table 25: Nucleation limited boiling points for solvents under microwave conditions.201 
 
The boiling point can approach ~100 °C above the conventional boiling point when the 
pressure in the vessel is raised to 10 atm. Under these conditions, the reaction conversion 
rate may be increased 1000 times. A material in the reaction can be heated by flash 
heating rapidly for a short time at a high temperature, then cooled rapidly at the end. Large 
activation energies and higher conversion rates are achieved in short reaction times which 
reduce the formation of the alternative byproducts. The reaction time for reactions with 
high-activation energies could be reduced to minutes or even seconds. Thermodynamic 
reactions are affected to a greater extent by microwave heating than kinetic reactions. 
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1.7.4 Comparison of Microwave and Conventional Heating 
Microwave dielectric heating is quite different compared to thermal heating, and there are 
many advantages for dielectric heating: 
• Higher heating rates than conventional heating. Microwaves can create heating 
rates of 5 °C/s easily, but this is very difficult for conventional heating. 
• No direct contact between the energy source and the sample undergoing heating. 
• Selective heating for solvent mixtures and inside of the material is first heated 
generally.  
• Higher nucleation limited boiling point than conventional boiling point. 
• Solvent-free ‘green’ synthetic organic chemistry. 
 
 
1.8  Ultrasound 
 
Similar to microwave, the power of ultrasound can be used in a wide variety of chemical 
areas. This includes cleaning, drying, flotation, degassing, defoaming, soldering, plastic 
welding, drilling, filtration, homogenization, emulsification, dissolution, deaggregation of 
power, biological cell disruptions, extraction, crystallization and, of interest to chemists, as 
a stimulus for organic reactions.203  
  
Figure 53: Frequency range of sound (Hz, cycles per second).204 
 57
Chapter 1  Introduction  
 
The normal limit of human hearing is around 16000 to 18000 cycles/s (16-18 kHz), which 
was found by F. Galton. The frequency of ultrasound is beyond human hearing (above 16 
kHz).220 There are two distinct ranges of ultrasound have been identified as being use in 
chemistry:  
• Diagnostic - for physical measurements 
• Power – to influence chemical reactivity 
 
Diagnostic ultrasound in chemistry is usually used to monitor the progress of a reaction, in 
quality control by assessing constant composition and the change in velocity or attenuation. 
It has also been used to measure the volumes of material in vats, estimate distance to any 
non-homogeneous reagent interface and classification of biomolecular shapes.205 
 
The frequencies at 20-100 kHz are regarded as power ultrasound, which are not strong 
enough to excitate the molecules’ rotational motion. The sonochemical effects cannot 
directly couple the sound field with the chemical materials on the molecular level. However, 
power ultrasound influences chemical reactivity through cavitation.  
 
Cavitation can be formed through a liquid, and sound is transmitted as a wave consisting of 
alternating compression and rarefaction cycles. During rarefaction the negative pressure 
developed is strong enough to overcome the intermolecular forces in the liquid, and these 
intermolecular forces broken to generate the same types of cavitation bubbles as produced 
by the propeller. For ultrasonic cavitation, the microbubbles collapse instantly and release 
energy which is caused by the succeeding compression cycle. It is probable that 4700 °C 
(5000 K) temperatures and 1000 atmospheres pressure are generated by the collapse. 
Such extreme conditions can produce bond fission for vapours in the bubble or for 
molecules subjected to the shockwave of collapse.204  
 
The parameters which affect cavitation are viscosity, surface tension and vapour pressure 
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of solvent, frequency of ultrasonic sound, temperature, bubbled gas, external pressure, 
intensity and attenuation of sound. These can lead to the change of the reaction conditions 
and influence the reaction rate and yields. The typical classes of chemical reactions which 
can exploit ultrasonic irradiation are homogenous reactions which involve a single liquid 
phase, a solid and a liquid, and immiscible liquids.206 
 
Power ultrasound can enhance solid catalysts which increase their surface activation for 
reaction.207 It can also enhance mass transfer to the solid supports surface to improve the 
distribution and absorption, such reagents on supports. There are many solid supported 
reactions of this type.208  
 
Jose Luis Bravo and co-workers investigated sonochemical cycloadditions in ILs.126 The 
reaction medium was an imidazolium-based IL, and the sonochemical cycloadditions 
involved cyclopentadiene/1,3-cyclohexadiene with carbonyl dienophiles. Improved reaction 
yields and/or shorter reaction times were observed, but the stereoselectivites did not 
change significantly (discussed in Tables 3-6). 
 
The effect of Lewis acids on the Diels-Alder reactions in ILs with different activation modes, 
including sonicated and microwave irradiation were studied by Ana Vidis and 
co-workers.118 They found both ultrasound and microwave dielectric heating can improve 
the rate and selectivity of the reactions examined. 
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2. Programme of Research 
  
  
 
A literature survey revealed that chiral phosphonium ionic liquids (CPILs) have not been 
extensively used as solvents and catalysts in synthesis. Research from this group has 
shown that phosphonium tosylates can be used as solvents for catalytic hydroformylation 
reactions,66,67 Diels-Alder reactions,110,114,128 Michael additions86 and also as co-catalysts 
for the Baylis-Hillman reaction.85 They are non-corrosive catalyst systems, and are easily 
manipulated. They also can be readily recovered and recycled. It was therefore of interest 
to further investigate the application of PILs as solvents for organic reactions to determine 
whether they affect the selectivity of reactions. In particular, it was of interest to study the 
effect of CPILs on the selectivity of the reactions. The reaction selected for investigation is 
the Diels-Alder reaction. 
 
The Diels-Alder reaction was chosen because it is one of the most useful carbon-carbon 
bond-forming reactions in organic synthesis. The Diels-Alder reaction has been the subject 
of several investigations, 7,104,105 and the reactions have been conducted in the ionic liquids 
(for example, the imidazolium ILs were wildly studied) with catalyst (most of catalysts are 
metal Lewis acid, which have many disadvantages such as instability, environmentally 
unfriendly, expensive and difficult work-up procedures).100 However, good selectivities 
have been observed in some of these reactions. So, the CPILs may prove to be superior 
and cleaner solvents/catalysts for the Diels-Alder reactions. 
 
The aims of the project were: 
• Synthesis and characterisation of novel chiral phosphonium ionic liquids from readily 
available chiral starting materials. 
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• Studying the physical properties: melting point, glass transition temperature, thermal 
stability and polarity of these new CPILs. 
• Studying the toxicity of the CPILs.  
• Exploiting their real potential as solvents and catalysts in the Diels-Alder reaction. 
• Exploiting sonication and microwave irradiation methodologies in order to reduce 
reaction times and therefore energy consumption.   
 
The applications of the CPILs in Diels-Alder reactions were studied in CPILs derived from 
chiral starting materials, (S)-proline, (S)-2-methylbutanol, (R)-nopol and (S)-tartrate. The 
substrates studied were the prototypical examples. 
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Figure 54: Some examples CPILs designed. 
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3. Results and Discussion 
  
 
 
3.1  Introduction to Synthesis of Chiral Phosphonium Ionic Liquids 
 
This study designed synthetic routes which are simple and would give products in high 
yield and high purity. In addition the project used starting materials, not just phosphines, 
but also other starting materials, which are readily available, cheap, stable, and easy to 
handle. The PILs produced should also be economical to prepare, stable and easy to 
maneuver, environmentally friendly and have the potential for industrial applications. 
 
There are three strategies of preparing chiral PILs; the chirality can be at the phosphorus 
centre [PR1R2R3R4]+ [X]-, (where R1,R2,R3,R4 are different groups); one of the groups 
attached to phosphorus can be chiral and thirdly, the anion can be chiral. The method 
selected in this study is the second route where a chiral group is attached to phosphorus. 
An added advantage for synthesising chiral phosphonium salts using this method is that 
the phosphines, Ph3P, n-Bu3P, i-Bu3P, n-Oct3P, are commercially available and ready for 
use. This reduces the synthetic steps for obtaining PILs. In summary, the [R1PR3]+ [X]-, 
where R1 is chiral, is much easier and cheaper to synthesise than the [PR1R2R3R4]+ [X]- 
class of CILs.  
 
Asymmetrical tetraalkylphosphonium halides, [R′PR3][X], are typically prepared by 
nucleophilic (SN2) addition of tertiary phosphines, PR3 (R = phenyl, butyl, hexyl, octyl, etc.), 
to haloalkanes [R′X (X = Cl, Br, I)]. Phosphonium halides can be converted by metathesis 
methods to other anions such as phosphinate, carboxylate, tetrafluoroborate, 
hexafluorophosphate, etc. These anion exchange methods usually use the residues 
containing halide ions or ion-exchange resins which have a highly developed structure of 
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pores on the surface of which are sites with easily trapped and released ions. Halogen free 
PILs can be produced by direct reaction of tertiary phosphines with alkylating agents such 
as benzenesulfonate, alkyltosylates, trialkylphosphates and dialkylsulfates. The common 
phosphonium cations usually have the general formula [R′PR3], three of the alkyl groups 
are the same while the fourth is different.  
 
PR3 + R′X  →   [R′PR3][X] 
[R′PR3][X] + MA →  [R′PR3][A]+ MX 
[R′PR3][X] + HA + MOH →  [R’PR3][A] + MX + H2O 
SO2(OR′)R′′ + PR3 →  [R′PR3][SO3R′′] 
(R′′ = Me, Et, toluene, etc) 
 
O=P(OR′)3 + PR3  →  [R′PR3][PO2(OR)2] 
(R′ = Me, Et, n-Bu; R = n-Bu) 
(R′ = Me, Bu; R = i-Bu) 
 
O=PR′ (OR)2 + PR3 →  [R′PR3][PRO2(OR)] 
(R′ = Me, n-Bu) 
 
n[PR1R2R3R4][X] + Na[Mcomplex]  →  [PR1R2R3R4]n[Manion] + NaX 
 
Figure 55: Synthesis of different kinds of PILs.209  
 
The ion exchange method can be applied to the synthesis of a variety of metal complex 
anion PILs: The metal complexes are easily made by metal chloride salts which are 
reacted with an excess of the salts of the desired ligands. For example K2[Co(NCS/Se)4], 
K4[Ni-(NCS)6], and Na2[Co(N(CN)2)4] were made by simple substitution by reacting the 
MCl2 salt with excess sodium or potassium salts of the desired ligands in water. The 
aqueous solutions were used without isolation of the salt. Then the metathesis reactions of 
these alkali metal salts of the desired anions with the appropriate phosphonium halide, 
[PR1R2R3R4][X], in an organic solvent or organic/aqueous system, results in the alkali 
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halide precipitating out or extracted into the aqueous layer, and the [PR1R2R3R4]n[Manion] is 
left in the organic phase. Washing the organic phase several times with water generally 
removes the alkali halide and excess starting materials.209   
 
 
 
Figure 56: Synthesis of PILs from phosphine oxides. 
 
Phosphine oxides or phosphinates can also be used to produce PILs. For example the 
reaction of phosphine oxides or phosphinates with trifluoromethanesulfonic anhydride at 
room temperature produces ILs shown in Figure 56. These ILs function efficiently as Lewis 
acid catalysts.210  
 
A class of chiral PILs prepared from chiral amino acids is outlined in Figure 57.33,35 An 
aqueous solution of phosphonium hydroxide was prepared by passing an aqueous solution 
of phosphonium halide through anion-exchange resin (Amberlite IRA400(OH)). Then the 
phosphonium hydroxide aqueous solutions were mixed with chiral amino acids, and the 
corresponding ILs were extracted from the mixed solutions with chloroform.33 
 
[PR4][Br] + (anion exchange resin)[OH] → [PR4][OH] + (anion exchange resin)[Br] 
[PR4][OH] + amino acid → [PR4][amino acid] + H2O 
 
Figure 57: Synthesis of amino acid PILs. 
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3.2  Synthesis and Characterisation of Chiral Phosphonium Ionic Liquids 
 
The phosphonium ILs selected for synthesis in this project are novel, except for one 
example which is known. The PILs were readily prepared by heating a tertiary phosphine 
together with an alkyl p-toluenesulphonate/methanesulfonate/ethanesulfonate/halide, in an 
inert solvent and under inert atmosphere. The method selected for the preparation of the 
alkyl tosylates was a modification of the method published by Klamann and Weyerstahl.211 
The PILs were prepared by stirring a solution of phosphine and alkyl derivative in dry 
toluene under reflux for 24-48 h.  
 
The PILs with BF4 or PF6 anions were then prepared by anion exchange. The method by 
Kamal was adapted.212 A solution of the halide salt was dissolved in acetone and the 
sodium salt of the required anion was then added. The mixture was stirred at room 
temperature for 24 h. A precipitate formed during this time. Dichloromethane was added 
and this caused further precipitation. The mixture was filtered and the filtrate evaporated to 
give the desired products in good yield. 
 
The different classes of PIL synthesised are presented separately in the following sections, 
and the characterisation of the PILs are also discussed. 
 
 
3.2.1 Preparation of (S)-Pyrrolidine Tosylate PILs 
 
Commercially available and inexpensive (S)-proline was used as the starting material with 
natural chirality. Several synthetic routes are available for the preparation (S)-pyrrolidine 
tosylate. The outline of the route selected is shown in Figure 58.  
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The first step involves blocking the amino group. There are several groups that can be 
used for this. The Boc group was selected because of the ease of addition and removal. 
 
Figure 58: Synthesis of (S)-pyrrolidine PILs 
 
The protection of the amino group was readily achieved by adapting Ookawa and Soai’s 
work213 using (Boc)2O, triethylamine as a base and dichloromethane at 0 °C. The 
N-protected amino acid 73 was isolated in 79% yield and the melting point recorded, 
130-132 °C, for N-Boc proline matched the literature value. The 13C NMR spectrum 
showed the carbonyl group of NCO2 around 155 ppm, and the carboxylic acid group of 
proline (CO2H) was at 176 ppm. The NH peak present in the starting material which 
appears around 3100 cm-1 in the IR spectrum was absent, and this also confirmed the 
formation of the N-C bond.  
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Figure 59: Proposed mechanism of N-Boc-protection. 
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The reaction mechanism is shown in Figure 59, which shows the initial nucleophilic attack 
of the nitrogen lone pair of electrons onto the carbonyl carbon of di-tert-butyldicarbonate. 
This is followed by loss of CO2 and formation of t-butanol. 
 
 
Figure 60: Structure of N-Boc Proline 
 
 
Figure 61: 1H NMR spectra of N-Boc-proline at different temperatures. 
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Restricted rotation about the amide C-N bond is an interesting feature of proline 
derivatives.214 Resonance structures have been observed as a result of the barrier to C-N 
bond rotation in amides and related systems.215 Restricted rotation about the C-N bond of 
N-Boc-proline leads to the formation of two rotamers in solution; these are depicted in 
Figure 60.  
 
Changes in the rotation of the C-N bond was monitored by 1H dynamic NMR spectroscopy 
(Figure 62). There were two single peaks at 16.6 °C corresponding to the t-Bu group at 
1.41 and 1.47 ppm, which are trans-73 and cis-73 isomers respectively. The rotation of the 
C-N bond is ‘free’ when the solution is warmed up, and the two peaks coalesced at higher 
temperature. This means the rotational barrier is so low that different conformations are not 
perceptible as different chemical species on the time scale of the experiment. 13C NMR 
spectroscopy also confirmed the presence of the C=N bond resonance at 167.09 ppm.  
Figure 62: Proposed mechanism of reduction. 
 
The next step in the synthesis involved reduction of the carboxylic acid to the primary 
alcohol. This conversion can be performed using a number of different reagents. BH3.Me2S 
was selected because this reagent does not racemise Boc proline. The amino alcohol 74 
was isolated in 90 % yield. The mechanism for the reduction is outlined in Figure 63. The 
carbonyl group forms a complex with the empty p orbital of the Lewis acidic borane. The 
transfer of the hydride occurs readily from the anionic boron to the electrophilic carbon. 
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The 13C NMR spectrum of N-Boc-prolinol 74 showed the absence of the CO2H at 176 ppm, 
and the appearance of a signal at 65.3 ppm which corresponds to the CH2OH group. The 
CH also moved downfield from 58.89 to 68.2 ppm. 
 
Tosylation of alcohol 74 was conducted in dry toluene in the presence of pyridine at RT, or 
with 4-dimethylaminopyridine and TEA at 0 °C. The tosylate 75 was purified by flash 
chromatography and both methods gave good yields (70%-78%). The successful 
tosylation of alcohol 74 was confirmed by spectroscopy, and there was no OH signal at 
3250 cm-1 in the IR spectrum. The 13C NMR spectrum showed the CH2 attached to the 
tosylate group had moved further downfield to 68.6 ppm. 
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Figure 63: Proposed mechanism of tosylation. 
 
Quaternization of phosphines occurs readily (Introduction). The method of Klamann and 
Weyerstahl was adapted.211 Heating the mixture of tosylate 75 and tributylphosphine or 
triphenylphosphine in dry toluene under reflux overnight gave PILs 76-77. The 31P NMR 
spectrum of the reaction mixture of PIL 77 showed there was 99 % unreacted starting 
material; the signal for triphenylphosphine occurs at -5 ppm. A small peak at +33.92 
corresponded to the desired product. The reason for this may be that the three large 
phenyl groups crowd the phosphorus atom, and this reduces the reactivity of 
triphenylphosphine.  
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   76        77  
Figure 64: Structure of (S)-tert-butyl pyrrolidine-1-carboxylatyl tributylphosphonium 
tosylate 76 and (S)-tert-butyl pyrrolidine-1-carboxylatyl triphenylphosphonium tosylate 77. 
 
In the case of the tributyl analogue (tributylphosphine), the 31P NMR spectrum of the 
reaction mixture showed several peaks at +60.29, +40.53, +33.92, and +12.50 ppm. The 
single peak at +33.92 ppm corresponds to PIL 76 which confirms the new P-C bond 
formation. This component of the desired PIL in the mixture was 15 %, which was 
determined from the 31P NMR spectrum. There was a large (46 %) peak at +12.50 ppm; 
this was an unknown product which needs further investigation. Due to the purity of PIL 76 
and difficulties in purification, it was not tested in the Diels-Alder reaction. It should be 
noted that this reaction was performed three times and each time a similar result was 
obtained.  
 
           78             79       80  
Figure 65: Oxidation of tributylphosphine. 
 
Phosphines are often air-sensitive, and can be oxidised to phosphine oxides on prolonged 
storage. So, this step of the synthesis of the PILs needs inert gas protection and exclusion 
of oxygen. If the PIL is a solid, it is easy to purify by recrystalisation or by washing with 
solvents. However when the PIL is an oil, the purification is more difficult. The common 
impurity is the phosphine oxide, which dissolves in the PILs. This leads to the difficulty in 
purification by column chromatography. The single peak around +40.53 ppm corresponds 
to tributylphosphine oxide 79 and the peak at +60.29 ppm corresponds to butyl 
dibutylphosphinate 80. 
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Figure 66: Proposed mechanism of the deprotection. 
 
The Boc group was removed from (S)-tert-butyl-2-((tosyloxy)methyl)pyrrolidine-1- 
carboxylate 75 by adding several drops of trifluoroacetic acid at 0 °C. The reaction was 
monitored by TLC until no starting material was detected. The tosylate 81 was isolated as 
the TFA salt. 1H NMR spectroscopy showed two broad peaks which represent both OH and 
NH groups, and the t-Bu group at 1.46 ppm disappeared. The 13C NMR spectrum also 
confirmed the success of the deprotection.  
 
       82      83 
 
Figure 67: Structures of CPILs (S)-pyrrolidin-2-ylmethyl tributylphosphonium tosylate•TFA 
82 and (S)-Pyrrolidin-2-ylmethyl triphenylphosphonium tosylate•TFA 83. 
 
The removal of TFA was unsuccessful, despite numerous attempts. Using the universal 
indicator (pH 1-14), the pH value of the TFA salt 81 is 3, and neutralization of the solution to 
7 using saturated sodium hydrogen carbonate or ammonia solution in methanol or 
dichloromethane failed. These methods did not cause the tosylate group to cleave off.  
 
PILs 82-83 were prepared using tributylphosphine or triphenylphosphine with the TFA salt 
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81. The PIL 83 was not produced, but the PIL 82 was obtained in a yield of 3 %. The 31P 
NMR spectrum of the tributylphosphonium analogue 82 showed a single peak at +32.82 
ppm which confirms PC bond formation. Due to the impurity of the PIL 82 and difficulty of 
purification, it was not tested in Diels-Alder reactions. 
 
 
3.2.2 Attempted Preparation of (S)-1-methylpyrrolidine chloride PILs 
 
Figure 68: Attempted synthesis of (S)-1-methylpyrrolidine PILs 
 
The method outlined in Figure 68 was followed. N-Methylation of (S)-proline was achieved 
by catalysis using palladium-on-charcoal catalyst in 40% aqueous formaldehyde solution 
and methanol under a hydrogen atmosphere overnight. This afforded (S)-1-methyl- 
pyrrolidine 84 in 75% yield. This method does not lead to racemisation of the amino acid.216 
The melting point recorded (114-116 °C) for (S)-1-methylpyrrolidine matched the literature 
value.217 The 1H NMR spectrum showed the single peak of N-CH3 at 2.89 ppm. The 13C 
NMR displayed the methyl of N-CH3 around 40 ppm. The NH peak which is present in the 
starting material and appears around 3100 cm-1 in the IR spectrum, was absent, and this 
also confirmed the formation of the N-C bond. 
 
The mechanism involves initial imine formation followed by catalytic reduction of the 
double bond (N=C) to give (S)-1-methylpyrrolidine (Figure 69). The optical rotation 
recorded matched the literature; therefore no racemisation occurred.  
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Figure 69: Proposed mechanism of the methylation. 
 
The alcohol 85 was prepared by reduction of the acid 84 with excess lithium aluminum 
hydride in tetrahydrofuran. N-Methylprolinol was characterised by 1H and 13C NMR 
spectroscopy. The 13C NMR spectrum of prolinol confirmed the disappearance of the CO2H 
peak at 176 ppm which is present in the starting material, and the appearance of a signal at 
64.88 ppm which corresponds to the methylene carbon CH2O. The carbon at the 
stereogenic centre, CHCO2H, moved to 59.96 ppm. 
Figure 70: Proposed mechanism of the reduction. 
 
The tosylation of alcohol 85 was not successful using the standard method described 
previously. Surprisingly, the 1H NMR spectrum showed the disappearance of the methyl 
group attached to the nitrogen atom. Therefore the tosylate series of CPILs derived from 
N-methyl proline could not be synthesised. 
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3.2.3 Preparation of (S)-pyrrolidine chloride PILs 
 
Reduction of (S)-proline using lithium aluminum hydride gave (S)-prolinol 86 in (74% yield). 
The IR spectrum of prolinol showed no C=O stretch at 1680 cm-1. The 13C NMR spectrum 
also confirmed the disappearance of the C=O group (signal around 175 ppm), and as 
expected, a new peak for CH2OH was found at 64.88 ppm.  
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Figure 71: Synthesis of (S)-1-methylpyrrolidine chloride PILs 
 
Functional group conversion of the hydroxyl to the chloride was achieved using thionyl 
chloride which afforded hydrochloride salt 87. Salt 87 was treated with excess aqueous 
potassium carbonate solution in dichloromethane to give the free amine 88 (77% yield) in 
two steps. The IR spectrum showed the N-H stretch at 3550 cm-1. Substitution of the OH 
group with a Cl caused the signal for the methylene to move from 64.88 ppm to 45.75 ppm 
in the 13C NMR spectrum. 
 
Figure 72: Proposed mechanism of the chlorination. 
 
Reaction of the (S)-2-(chloromethyl)pyrrolidine 88 with the phosphines afforded the 
corresponding PILs 89-90. No product was obtained with Ph3P. The 31P NMR spectrum of 
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(S)-tributyl(pyrrolidin-2-ylmethyl)phosphonium chloride 89 showed a single peak at +35.45 
ppm. The 1H NMR spectrum showed that on quaternisation, the signal for P(CH2)3 moved 
from 1.78 ppm (tributylphosphine) downfield to 2.56 ppm, but the (CH3)3 moved from 1.11 
ppm upfield to 0.90 ppm. The 13C NMR spectrum showed that the P(CH2)3 peak in the 
product appeared downfield at 19.24 ppm, but the (CH3)3 moved from upfield to 13.46 ppm. 
In the IR spectrum the P-C stretch appeared at 659 cm-1. The 31P NMR spectrum of 
(S)-trioctyl(pyrrolidin-2-ylmethyl)phosphonium chloride 90 displayed a single peak at 
+35.30 ppm. The detailed of analysis of (S)-trialkyl(pyrrolidin-2-ylmethyl)phosphonium 
chlorides 89-90 by 1H, 13C, 31P NMR, IR and mass spectrometry appears in Tables 26-34 in 
the following sections. 
 
 
Figure 73: Structure of (S)-tributyl(pyrrolidin-2-ylmethyl)phosphonium chloride 89 and 
(S)-Trioctyl(pyrrolidin-2-ylmethyl)phosphonium chloride 90. 
 
 
3.2.4 Preparation of tetrabutylphosphonium (S)-proline PIL 
Figure 74: Synthesis of tetrabutylphosphonium (S)-proline 91. 
Tetrabutylphosphonium hydroxide reacted readily with (S)-proline at low temperature, and 
the water which was used as solvent was removed by freeze-drying. This PIL was 
thermally stable at 80 °C under a dry atmosphere.33 PIL 91 can react with water to revert to 
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the starting materials, tetrabutylphosphonium hydroxide and (S)-proline. Consequently the 
storage and the reactions which are conducted in this PIL need to exclude water, and this 
limits the use of PIL 91. The 1H NMR spectrum showed that the chemical shift of the CH 
moved upfield a little to 3.61 ppm. The 13C NMR spectrum showed the peak of the C=O 
group at 178.90 ppm, which is slightly shifted from the starting material. The 31P NMR 
spectrum showed a single peak at +33.62 ppm. All the data matched the literature.33 
 
 
3.2.5 Preparation of (R)-nopyl PILs 
 
(R)-Nopol (Figure 57) is a chiral terpene, which is a colourless to slightly yellow clear liquid. 
It occurs in sweet balsamic citrus, pine and it occurs naturally in carrots. It is stable with a 
high boiling point (110 °C). Most importantly, it is readily available from the chiral pool and 
PILs derived from it can potentially enhance the selectivity and specificity of Diels-Alder 
reactions. 
      
Figure 75: Structure and the 3D structure of nopol. 
 
Figure 76 shows a series of nopyl-imidazolium ILs which were synthesised by Balczewski 
and co-workers.218 These CILs were tested for their potential environmental influence on 
soil in 2007. The research presented in this thesis began earlier in 2006 when a series of 
nopyl PILs were synthesised (Figure 77). 
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Figure 76: Synthesis of nopyl-imidazolium ILs.218 
 
 
 
Figure 77: Synthetic routes to nopyl PILs 
 
The starting nopyl tosylate 92 was obtained directly in one step from nopol by reaction with 
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tosyl chloride in pyridine. Purification by filtration of an ether solution of 92 through silica gel 
gave the pure product in 85% yield. The presence of the tosylate group was confirmed by 
spectroscopic analysis. The 1H NMR spectrum displayed the methyl group at 2.43 ppm, 
and the protons of the 1,4-disubstitued aromatic ring appeared at 7.32 ppm and 7.76 ppm 
as characteristic doublets. The 13C NMR spectrum displayed the methyl group at 21.73 
ppm, and the aromatic carbons were at 127.95 ppm and 129.88 ppm. (The detailed 
characterisation of nopyl tosylate appears in Tables 26-34.)  
 
Heating the mixture of 92 and tributylphosphine/trioctylphosphine in toluene under reflux 
overnight, afforded nopyl PILs 93-94 as oils and in good yields (91% and 71% yield). The 
purification of the nopyl PILs by column chromatography (eluant 5:95 methanol/ 
dichloromethane) removed the phosphine oxide and other impurities. The 31P NMR signals 
were at +33.95 ppm and +33.84 ppm respectively. The mass spectra gave similar 
molecular weights which matched the theoretical and measured mass (523.3369 vs. 
523.3403; 691.5247 vs. 691.5283 for the tributyl 93 and trioctyl 94 derivatives 
respectively.)   
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Figure 78: Proposed mechanism of the mesylation. 
 
A further four PILs were prepared from nopyl methanesulfonate 95 and nopyl 
ethanesulfonate 96. These compounds were obtained readily; triethylamine was used as 
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the base instead of pyridine. Good yields were obtained for the two products 95 and 96. 
The IR spectra showed the disappearance of the O-H stretch around 3250 cm-1 and 
appearance of the S=O stretches at 1123 cm-1. The 1H NMR spectra showed the presence 
of the CH3 of the methanesulfonyl group at 2.43 ppm and the CH3 and CH2 in the 
ethanesulfonyl group at 1.37 and 2.54 ppm respectively. The 13C NMR spectra showed the 
CH2 attached to the methanesulfonyl and ethanesulfonyl groups further downfield at 68.68 
ppm and 67.61 ppm respectively. 
 Figure 79: Reaction of synthesis the chloride PILs. 
 
The reaction of nopyl methanesulfonate 95 and tributylphosphine/ trioctylphosphine in 
toluene under reflux overnight, afforded nopyl PILs 97-98 in good yields (Figure 79). The 
31P NMR spectra showed peaks at +34.02 ppm and +33.86 ppm respectively which 
corresponded to the desired compounds. The reactions of nopyl ethanesulfonate 96 and 
tributylphosphine/ trioctylphosphine in toluene under reflux overnight, afforded nopyl PILs 
99-100 in similar yields. The chemical shifts in the 31P NMR spectra were +34.04 ppm and 
+33.89 ppm respectively. These PILs were fully characterised by 1H, 13C, 31P NMR and IR 
spectroscopy and mass spectrometry (Details of the analytical data appear in Tables 26-34 
in Section 3.3). 
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Figure 80: Proposed mechanism of the chloride substitution. 
 
Nopyl chloride 101 was prepared using an alternative method. Nopol was treated with 
carbon tetrachloride and triphenylphosphine in acetonitrile via the Appel reaction.219 
Purification, using column chromatography, gave the pure compound in 85% yield. The IR 
spectrum showed the disappearance of O-H stretch around 3250 cm-1 which confirmed 
that the functional group conversion was successful. The 1H NMR spectrum displayed the 
peak for CH2Cl at 3.09 ppm and the peak corresponding to this carbon appeared at 40.22 
ppm in the 13C NMR spectrum. 
 
 
Figure 81: Reaction of synthesis the chloride PILs. 
 
Triphenylphosphine was reacted with nopol chloride, however CIL 102 was not obtained 
and the 31P NMR analysis of the reaction mixture showed the presence of 
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triphenylphosphine (starting material) and triphenylphosphine oxide. Using the same 
method, the mixture of 101 and tributylphosphine/ trioctylphosphine gave nopyl PILs 
103-104 in low yield. The 31P NMR chemical shifts were +34.17 ppm and +33.75 ppm 
respectively. These PILs were fully characterised by 1H, 13C, 31P NMR and IR spectroscopy 
and mass spectrometry (Detailed analytical data are in Tables 26-34 in Section 3.3). The 
major impurities were phosphine oxide and [O=P(OR)R2]+[Cl]-. Due to the problems 
encountered in purifying these two PILs, they were not tested in the Diels-Alder reactions. 
 
 
Figure 82: Synthesis the bromide PILs. 
 
In order to gain access to the bromide derivative 105, nopyl bromide was required. It was 
obtained by treating thionyl bromide with nopol in dichloromethane. The crude product was 
filtered through silica gel to give a brown oil in 66% yield which was analysed by 
spectroscopy. The notable peak in the 1H NMR spectrum is CH2Br which appears at 3.33 
ppm which is different from the corresponding signal in the nopol. The 13C NMR spectrum 
confirmed the presence of CH2Br at 30.99 ppm. The bromide CILs were obtained by the 
usual method using 105 and tributylphosphine/ trioctylphosphine to give nopyl PILs 
106-107. The 31P NMR spectra exhibited the expected chemical shifts for 106-107 which 
were at +33.95 ppm and +33.87 ppm respectively. They were fully characterised by 1H, 13C, 
31P NMR and IR spectroscopy and mass spectrometry (Detailed analytical data are in 
Tables 26-34 in Section3.3). 
 
The iodide analogues of these PILs required nopyl iodide 108 which was obtained by 
treating nopol tosylate with sodium iodide dissolved in DMSO. Nopyl iodide 108 was 
isolated as a brown oil in moderate yield. This is a typical nucleophilic substitution reaction, 
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where the iodide ion acts as the nucleophile to produce an alkyl iodide. The appearance of 
the peak at 3.11 ppm in the 1H NMR spectrum confirmed the structure of the product. As a 
result of the large size of iodide and the abundance of electrons of the atom, the carbon 
attached to the heavy iodide atom is strongly shielded. This effect can be seen in the 13C 
NMR spectrum which displayed the signal for CH2I at 3.84 ppm. Nopyl PILs 109-110 were 
readily obtained and NMR spectroscopy confirmed the purity of the PILs (Tables 26-34 in 
Section 3.3). 
 
Figure 83: Ion exchange of iodide to PF6 and BF4. 
 
The sulfonate esters are extremely good leaving groups and are better than the iodide. 
Metathesis using the tosylates did not give the desired PILs with BF4/PF6 anions. PILs 
111-114 were obtained by metathesis using sodium tetrafluoroborate and sodium 
hexafluorophosphate. A solution of sodium tetrafluoroborate in water and acetone was 
added to a solution of nopyl iodide PILs dissolved in acetone.220 The reaction mixtures 
were stirred at RT for 36 h, and then were extracted with dichloromethane. Excellent yields 
of the tributyl/trioctyl PILs 111-112 were obtained. Similarly, the hexafluorophosphate PILs 
113-114 were synthesised in excellent yields. The 31P and 19F NMR spectra are discussed 
in detail in Section 2.3. These salts were fully characterised (Tables 26-34 in Section 33). 
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3.2.6 Preparation of ((4S,5S)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis(methylene) 
bisphosphonium bis(4-methylbenzenesulfonate) Ionic Liquids 
 
Tartaric acid is an organic acid which occurs naturally in many plants and some fruit. It is a 
white crystalline compound. Both enantiomers are available with the (2S,3S) isomer being 
more economical. In this work, the diethyl ester was used. 
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Figure 84: Synthesis of ((4S,5S)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis(methylene) 
bisphosphonium bis(4-methylbenzenesulfonate) ILs. 
 
In order to prepare the tartrate PILs, the vicinal hydroxyl groups were first protected. 
Diethyl tartrate, 4-methylbenzenesulfonic acid and 2,2-dimethoxypropane were heated 
under reflux for 10 hours, with removal of methanol. The diester 115 was isolated in 99% 
yield. The 1H NMR spectrum showed two doublets corresponding to the protons CH-CH at 
3.75 ppm and 3.85 ppm. The 13C NMR spectrum displayed peaks for the carbons CH-CH 
at 76.7 ppm and 77.2 ppm. The O-H stretch at 3650 cm-1 in the IR spectrum was absent 
which also confirmed that 115 was obtained. 
Then diol 116 was prepared by reduction of the diacid 115 with excess lithium aluminum 
hydride in THF. The O-H stretch at 3650 cm-1 reappeared in the IR spectrum. The 13C NMR 
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spectrum showed no C=O peak around 175 ppm, and this confirmed complete reduction 
had occurred. The tosylation of diol 116 to the bis-tosylate 117 was readily achieved and 
the resulting oil was purified by flash column chromatography. A moderate yield (44%) was 
obtained from both steps. The O-H stretch in the IR spectrum was not present which 
showed the alcohol had reacted fully. The 1H and 13C NMR spectra confirmed the presence 
of the tosylate groups.  
Treatment of the bis-tosylate 117 with triphenylphosphine, tributylphosphine and 
trioctylphosphine separately, afforded the tributyl/trioctyl PILs 119-120 (yield 33% and 11%), 
but the triphenylphosphonium CIL 118 was not obtained (Figure 84). The 31P NMR spectra 
of the tributyl/trioctyl PILs 119-120 showed a single peak at +35.18 ppm and +35.09 ppm 
which confirmed that quaternization of the phosphine had occurred. Due to the impurities in 
these PILs, purification was attempted. However, this was unsuccessful and therefore they 
were not tested in the Diels-Alder reactions. These salts were characterised by 1H, 13C, 31P 
NMR and IR spectroscopy and mass spectrometry (detailed analytical data are in Tables in 
Section 3.3). 
 
 
3.2.7 Preparation of (S)-2-Methylbutyl PIL 
 
 
Figure 85: Synthesis of (2S)-2-methylbutyl PILs. 
(S)-2-Methylbutanol was initially used as the starting material. Tosylation proceeded readily 
to give 121 as a colourless oil. The O-H stretch was absent in the IR spectrum which 
showed the alcohol was fully converted to the tosylate. The 1H and 13C NMR spectra 
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confirmed the presence of the tosylate group. Reaction of tosylate 121 with 
triphenylphosphine, tributylphosphine and trioctylphosphine separately, afforded the 
tributyl/trioctyl PILs 122-123 in poor yield, but the triphenylphosphonium CIL 124 was not 
obtained. The peak at +33.17 ppm and +32.99 ppm in the 31P NMR spectra corresponded 
to the tributyl/trioctyl PILs 122-123 respectively. Unfortunately, attempts to purify PILs 
121-123 were unsuccessful and they were not tested in the Diels-Alder reactions. The 
characterisation data appear in Tables 26-34 in Section3.3. 
 
 
3.3  Characterisation of Chiral Phosphonium Ionic Liquids 
 
3.3.1 Analysis of NMR spectra 
 
Most of the products were characterised by a number of techniques. Each of the novel 
chiral ILs was also analysed using IR spectroscopy, which confirmed the presence of the 
functional groups. High resolution mass spectrometry was used to analyse these ILs. The 
structures of some PILs were complex and therefore a series of 2D NMR experiments was 
conducted to further confirm the structure. These experiments included H-H correlation 
spectroscopy (COSY), heteronuclear single quantum coherence spectroscopy (HSQC) 
and heteronuclear multiple bond coherence spectroscopy (HMBC). These experiments 
allowed for the unambiguous interpretation of the 1H, 13C, 31P and 19F spectra. In addition, 
some of thr precursors also produced complex spectra and these compounds were 
subjected to 2D NMR analysis. 
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3.3.1.1 NMR Analysis of Nopyl Tosylate 
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Figure 86: Structure of nopyl tosylate 92. 
 
Nopyl tosylate 92 is a complex compound and before the synthesis of the nopyl PILs, the 
structure of nopyl tosylate was fully studied. The 1D 1H NMR spectrum (Figure 87) 
confirmed the formation of the C-O bond, the signal corresponding to the protons of CH2O 
was displayed at approximately 5.2 ppm. The 1D 13C NMR spectrum (Figure 88) contained 
the expected number of signals. A 13C DEPT135 (distortionless enhancement by 
polarisation transfer) experiment (Figure 88) was performed. The analysis showed the 
presence of CH2 signals as negative peaks and the CH and CH3 signals as positive peaks. 
The quaternary carbons were not detected. 
 
 
Figure 87: 1H NMR of nopyl tosylate 92. 
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Figure 88: Standard 13C (top) and DEPT 135 (bottom) NMR of nopyl tosylate 92. The red 
boxes highlight the absence of the quaternary carbon signals. 
 
Correlation between the signals can be achieved with the use of powerful 2D NMR 
experiments, which can provide information about the connectivity (homo and heteronulear) 
between magnetic nuclei. All the information can be obtained using a series of experiments 
including H-H correlation spectroscopy (COSY), heteronuclear single quantum coherence 
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spectroscopy (HSQC) and heteronuclear multiple bond coherence (HMBC). The COSY 
spectrum (Figure 89) was interpreted in the following way:  
 
1. the connection between the proton-Ha and proton-Hb;  
2. the connection between the proton-5 and proton-6;  
3. the connection between the proton-6 and proton-2;  
4. the connection between the proton-2 and proton-Ha, proton-Hb ;  
5. the connection between the proton-Ha, proton-Hb and proton-3;  
 
The COSY spectrum was able to illustrate how the proton signals at different chemical 
shifts were linked to each other and confirmed that the signals at ≈ 2.3 ppm were linked to 
the multiplets at ≈ 1.0 ppm and 2.0 ppm.  
 
The HMQC spectrum (Figure 90) showed the single bond correlations between the proton 
and the carbon signals. As the proton signals had been determined previously using the 1H 
and the COSY experiments, HMBC was utilised to correlate these proton peaks with their 
corresponding carbon signals. From the carbon spectrum only, it was difficult to determine 
the position of the peak for C-8 and C-16, or C-6 and C-1, because they were very close to 
each other. The COSY spectrum assisted in the assignment of nearly all of the protons of 
nopyl tosylate. The spectrum showed a correlation between the first peak in the 1H NMR 
spectrum, which was attached to C-8, and a carbon which was therefore assigned C-16. 
The spectrum also showed two peaks which confirmed the positions of C-1 and therefore 
another carbon, which was therefore C-6.  
 
The HSQC (Figure 91) experiment gave another spectrum which provided some useful 
information. Comparison with HMBC showed that they were very similar (Figure 91). This 
confirmed the single bond correlations between the proton and the corresponding carbon 
signals. This experiment is particularly useful; it can assist in the unambiguous assignment 
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of carbon signals such as N-CH3 and CH2OH. 
 
 
Figure 89: COSY spectrum of nopyl tosylate 92. 
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Figure 90: HMQC of nopyl tosylate 92. 
 
Figure 91: HSQC of nopyl tosylate 92. 
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3.3.2 Melting point, yield and 31P NMR analysis 
 
Entry R′ R X Yield [%] Mp [oC] δP [ppm] 
1 Nopyl Bu Cl 37 oil 34.17 
2 Nopyl Oct Cl 19 oil 33.75 
3 Nopyl Bu Br 36 oil 33.95 
4 Nopyl Oct Br 55 oil 33.87 
5 Nopyl Bu iodide 83 oil 33.87 
6 Nopyl Oct Iodide 84 oil 33.68 
7 Nopyl Bu OTs 91 oil 33.95 
8 Nopyl Oct OTs 71 oil 33.84 
9 Nopyl Bu OMs 79 oil 34.02 
10 Nopyl Oct OMs 80 oil 33.86 
11 Nopyl Bu OEs 79 oil 34.04 
12 Nopyl Oct OEs 85 oil 33.89 
13 Nopyl Bu PF6 90 wax 34.00 
14 Nopyl Oct PF6 70 wax 33.94 
15 Nopyl Bu BF4 94 oil 34.06 
16 Nopyl Oct BF4 95 oil 33.87 
17 Proline1 Bu Cl 24 oil 35.45 
18 Proline1 Oct Cl 17 oil 35.30 
19 Tartrate1 Bu OTs 33 oil 35.18 
20 Tartrate1 Oct OTs 11 oil 35.09 
21 Me2Bu Bu OTs 15 oil 33.17 
22 Me2Bu Oct OTs 34 oil 32.99 
23 BocProline Bu OTs 15 oil 33.92 
24 BocProlineTFA Bu OTs 3 oil 32.82 
25 Bu Bu Proline 96 oil 33.71 
 
Table 26: Yields, melting points, and 31P NMR data of PILs [R′PR3]+ [X]-.  
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3.3.2.1 Yield 
Theoretically, the yields of the PILs can be affected by steric hindrance, reactivity and 
stability of the starting materials. As can be seen from previous studies by Ludley and Liu,86 
the simple PILs react readily and the desired products were formed in high yields. It was 
found that triphenylphosphine reacted very slowly with quaternization reagents and 
therefore no products or very low yields were obtained. It was also observed that at least 
two carbons were needed between the bulky group and the leaving group in order for the 
reaction to proceed well. For example, the nopyl tosylate 92 reacted faster than the 
2-methylbutyl tosylate 121 derivative. 
 
 
3.3.2.2 Melting Point 
As mentioned in the Introduction, the melting points of ILs with the same anion decreases 
as the chain length grows. The melting point temperatures decrease with growing 
chain-lengths of the alkyl groups and the PILs synthesised by Ludley and Liu illustrated this 
trend.110 For example, ethyltriphenylphosphonium tosylate is a solid, with a melting range 
of 135-138 °C, but the corresponding n-butyltriphenylphosphonium tosylate is solid with 
the melting point at 116-117 °C and the octyltriphenylphosphonium tosylate is a solid with 
the melting point in the range 75-81 °C. In comparison, the tetrabutyl/tetraoctyl PILs have 
longer side-chain and they are oils at RT. The same observation is made for the 
tributyl/trioctyl PILs, they also follow the ‘side chain rule’. Most of the PILs with the large 
nopyl group are oils at RT, except for the PILs with the PF6 anion (Table 26) which are 
waxes. The reason for this is that the PILs with the PF6 anion form more stable lattice 
structures. So, with the same cation, the growing chain lengths make the cation/anion 
more non-symmetrical and disordered, which leads to the decrease in melting point. 
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Entry R′ R X m.p. [°C] 
1 Et n-Bu Br 68-70 
2 Et n-Bu BF4 132-133 
3 Et n-Bu PF6 171-173 
4 Et n-Bu SbF6 150-152 
5 Et n-Bu OTs 68-70 
 
Table 27: Melting points of tributylethyl PILs [EtPn-Bu3]+ [X]-.221 
 
It is well known that the characteristic properties of ILs vary with the choice of both anion 
and cation, not just cation. The structure of an IL directly impacts upon its properties, in 
particular, the melting point and liquidus range. The charge, size and distribution of charge 
on the respective ions can also influence the melting point of the salts; in this case the only 
change is the anion. The melting points of the PILs decrease as the anion size increases 
(Br<BF4<PF6<SbF6<OTs), the same observation is made with the imidazolium salts, 
reflecting the weaker Coulombic interactions in the crystal lattice.222 The m.p. of BF4, PF6 
and SbF6 ILs are higher than others, this may be affected by the ratio of cation/anion radius 
(r+/r-) which are good for forming a crystal lattice. The symmetry is an important factor, as 
the symmetry decreases (e.g. OTs anion) the melting point decreases. 
 
 
3.3.2.3 31P NMR Analysis 
The 31P NMR spectroscopy is the best way to monitor the progress of the quaternisation of 
the tertiary phosphine to give the phosphonium salt. The 31P NMR spectra of 
tri-n-butylphosphine and triphenylphosphine PILs were recorded prior to reaction and they 
are very different from the salts. In the spectra, there is a single peak at -30.1 ppm for 
tri-n-butylphosphine and -4.8 ppm for triphenylphosphine. It was therefore very easy to 
determine whether a reaction had reached completion since a maximum of two signals 
were expected if a reaction mixture was composed of the starting phosphine and the 
product (PIL). For example, the 31P NMR spectrum of nopyltributylphosphonium iodide 
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showed only one peak at +33.89 ppm, which confirmed the reaction was complete. When 
the PF6 anion was present, the 19F and 31P atoms adjacent to each other displayed the 
expected coupling, and there were peaks at -143.70 ppm which appeared as a heptet with 
a coupling constant of 711 Hz. If the reaction is exposed to oxygen, phosphine oxide and/or 
[O=P(OR)R2][X] can be formed, and peaks corresponding to these by-products are 
observed at +49.0 ppm and +58.1 ppm respectively.  
 
With the same group (R1 = nopyl), the chemical shift value of tributyl PILs are slightly larger 
than the corresponding trioctyl PILs. These results confirm that the phosphorus atom is 
shielded more by the longer octyl chain than by the butyl chain. 
 
 
Entry R′ R Anion δP 
5 Nopyl Bu iodide +33.87 
6 Nopyl Oct iodide +33.68 
7 Nopyl Bu OTs +33.95 
8 Nopyl Oct OTs +33.84 
9 Nopyl Bu OMs +34.02 
10 Nopyl Oct OMs +33.86 
11 Nopyl Bu OEs +34.02 
12 Nopyl Oct OEs +33.89 
Table 28: 31P NMR data of Nopyl CPILs [R′PR3]+ [X]-. 
 
 
3.3.3 1H NMR Analysis 
 
The 1H NMR data displayed in Table 29 for the nopyl ILs shows phosphorus-hydrogen 
couplings two and sometimes three bonds away. For example, in 
nopyltributylphosphonium iodide the H-P coupling and H-H coupling is observed for H-11 
as multiplets at 2.21 ppm. In addition the coupling due to phosphorus can also be seen for 
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 95
H-12 (PCH2CH2CH2CH3) at 2.46 ppm which occur as multiplets. 
 
 
Figure 92: The structure of [NopylRR3]+[X]- CPILs 
.
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3.3.4 13C NMR Analysis 
 
Figure 93: The structure of Nopyl-X. 
 
The 13C NMR data for the precursors of the nopol derived PILs are summarised in Table 30. 
The chemical shifts for each of the compounds change very little except for C-10 and C-11. 
The chemical shift value of C-X (C-I<C-Br<C-CI<C-O) depends on the electronegativity of 
the atom (O>Cl>Br>I) directly attached to the carbon atom. The electronegative element 
produces a large downfield shift.  
 
The 13C NMR data for the PILs are summarised in Table 31. The chemical shifts for the 
tosyl anion changes very little, regardless of which phosphonium cation was present in the 
molecule. The chemical shifts of the carbons attached to phosphorus were affected slightly 
by the electronegativity of the anions. More electronegative anions lead to the chemical 
shifts of C-P and C-C moving upfield. 
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3.3.5 19F NMR Data of Nopyl Phosphonium Ionic Liquids 
 
Entry R′ R X δF (ppm) JP-F (Hz) 
1 Nopyl Bu PF6 -71.92 713.09 
2 Nopyl Oct PF6 -71.73 713.09 
3 Nopyl Bu BF4 -150 - 
4 Nopyl Oct BF4 -150 
 
- 
Table 32: 19F NMR data of NopylPR3]+[X]- CPILs in CDCl3. 
 
When the PF6 anion was present, the 19F and 31P atoms adjacent to each other will couple. 
The 19F NMR spectra displayed the peaks as doublets for each PIL, -71.92 ppm for tributyl 
PIL; -71.73 ppm for trioctyl PIL in CDCl3, and the corresponding JP-F was identical (Table 
32). The chemical shift recorded in the literature for NaPF6 was around -72 ppm, the signal 
appears as a doublet.223 The 19F NMR spectra of the BF4 PILs in CDCl3 showed broad 
signals around -150 ppm which suggests that there is an interaction between the boron 
and the fluorine atoms that results in the broadening of the signals. There is evidence that 
CD2Cl2 as NMR solvent for this anion may increase ion pairing.224 The chemical shift of 
NaBF4 obtained from the literature was around -153 ppm.225  
 
  
 
Figure 94: 19F NMR spectrum of NopolPBu3PF6 (left) and NopolPOct3PF6 (right). 
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3.3.6 IR Data of Phosphonium Ionic Liquids 
Entry R′ R X P-C stretch (cm-1) Anion stretch (cm-1) 
1 Nopyl Bu Cl 1463 - 
2 Nopyl Oct Cl 1464 - 
3 Nopyl Bu Br 1465 - 
4 Nopyl Oct Br 1465 - 
5 Nopyl Bu iodide 1466 - 
6 Nopyl Oct iodide 1467 - 
7 Nopyl Bu OTs 1465 (S=O) 1123, (S-O) 985 
8 Nopyl Oct OTs 1466 (S=O) 1123, (S-O) 985 
9 Nopyl Bu OMs 1464 (S=O) 1125, (S-O) 985 
10 Nopyl Oct OMs 1465 (S=O) 1123, (S-O) 985 
11 Nopyl Bu OEs 1464 (S=O) 1124, (S-O) 985 
12 Nopyl Oct OEs 1465 (S=O) 1123, (S-O) 985 
13 Nopyl Bu PF6 1465 (P-F) 849 
14 Nopyl Oct PF6 1466 (P-F) 848 
15 Nopyl Bu BF4 1464 (B-F) 1227 
16 Nopyl Oct BF4 1465 (B-F) 1226 
17 Proline1 Bu Cl 1461 - 
18 Proline1 Oct Cl 1462 - 
19 ProlineTFA Bu Cl 1460 - 
20 ProlineTFA Oct Cl 1461 - 
21 Tartrate1 Bu OTs 1468 (S=O) 1130, (S-O) 985 
22 Tartrate1 Oct OTs 1469 (S=O) 1129, (S-O) 985 
23 2MeBu Bu OTs 1467 (S=O) 1129, (S-O) 985 
24 2MeBu Oct OTs 1468 (S=O) 1128, (S-O) 985 
25 Bu Bu Proline 1461 (C=O) 1725 
 
Table 33: IR data of [R′PR3]+[X]- PILs. 
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The analysis of the IR spectra of all PILs (Table 33) show a strong absorption band 
characteristic for phosphorus-carbon stretching, and all show a similar band around 1460 
cm-1. The PILs with the tosylate group showed the S=O stretching bands around 1130 cm-1, 
and the area around 1200-1145 cm-1 denote the sulfonate group. The B-F and P-F 
stretching are at 1225 cm-1 and 850 cm-1 respectively. 
 
 
3.3.7 Mass Spectrometry 
 
The PILs were submitted for high resolution mass spectrometry analysis, and one of the 
resultant mass spectra is shown as an example (Figure 95). Accurate mass measurements 
were performed on the [M+H]+ ions of these samples and the results are given below in 
Table 34. For NopylPBu3OMs (Figure 95), the characteristic fragmentation pattern is: 
[NopylPBu3] peak appears at (m/e=351) and [NopylPBu3OMs] peak appears at (m/e=447).  
 
Entry PILs Measured 
Mass 
Formula Theoretical 
Mass 
1 NopylPBu3OEs 461.3255 C25H49O3PS 461.3213 
2 NopylPBu3OMs 447.3077 C24H47O3PS 447.3056 
3 NopylPBu3Iodide 479.2311 C23H44PI 479.2298 
4 NopylPBu3OTs 523.3403 C30H51O3PS 523.3369 
5 NopylPOct3OEs 629.5125 C37H73O3PS 629.5091 
6 NopylPOct3OMs 615.4921 C36H71O3PS 615.4934 
7 NopylPOct3Iodide 647.4211 C35H68P 647.4176 
8 NopylPOct3OTs 691.5283 C42H75O3PS 691.5247 
 
Table 34: Mass Spectrometry Data of [NopylPR3]+[X]- PILs. 
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Figure 95: Theoretical mass spectrum of NopylPBu3OMs (top) and measured mass 
spectrum of NopylPBu3OMs (bottom). 
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3.3.8 Thermogravimetric Analysis 
 
The thermal stability of PILs have been studied using thermogravimetric analysis (TGA). 
Because of their nature, PILs do not boil at elevated temperatures, but they do have upper 
thermal stability limits. The thermal stability is very important, especially for the reactions 
carried out at high temperatures. TGA data, in which weight losses are reported for 
samples that are heated at modest 5 °C /min rates and up to 450 °C, are shown in Figures 
92-94. Data from these tests would indicate that, depending on the cation/anion, these 
PILs are generally stable to 300 °C or even higher. 
 
A series of PILs were available in the laboratory and the thermal stability had not been 
previously studied. The TGA results in Figure 96 indicated that the samples contained 
volatile material, toluene, which has a boiling point at 110 °C. This was not surprising since 
toluene was used as the solvent for their synthesis. However, the most stable PIL was the 
simple PIL Ph3PEtOTs which was stable at 400 °C. 
 
 
Figure 96: TGA of Ph3PBuBr, Ph3PEtBr, Ph3PEtOTs, Bu3PEtOTs and PBu4OTs. 
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Figure 97: TGA of tributyl nopyl PILs (NopylPBu3PF6, NopylPBu3BF4, NopylPBu3Br, 
NopylPBu3OEs, NopylPBu3I, NopylPBu3OMs, NopylPBu3OTs). 
 
 
 
Figure 98: TGA of PILs trioctyl nopyl PILs (NopylPOct3PF6, NopylPOct3BF4, NopylPOct3Br, 
NopylPOct3OEs, NopylPOct3I, NopylPOct3OMs, NopylPOct3OTs). 
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All the tributylnopyl PILs were stable beyond 310 °C, and the best thermal stability was 
exhibited by NopylPBu3PF6 at 360 °C (Figure 97). The sequence of thermal stability was 
NopylPBu3PF6 > NopylPBu3BF4 > NopylPBu3OTs = NopylPBu3OMs> NopylPBu3OEs > 
NopylPBu3I > NopylPBu3Br.  
 
The nopyltrioctyl PILs were less thermally stable than nopyltributyl PILs. NopylPBu3Br, 
NopylPBu3OMs, NopylPOct3OTs and NopylPBu3OEs lost weight from 300 °C (Figure 98). 
The sequence of thermal stability was also similar NopylPOct3PF6 > NopylPOct3BF4 > 
NopylPOct3OTs = NopylPOct3OMs = NopylPOct3OEs > NopylPOct3I > NopylPOct3Br. 
 
The ILs with the same anions and different cations, for example PBu4Br and POct4Br, 
showed that the butyl derivatives were more thermally stable. The same trend is observed 
in the nopyl PILs, where the tributylnopyl derivatives were 20-30 °C more stable than the 
corresponding nopyltrioctyl PILs. PILs with the same cations had different thermal stability. 
Similar anions such as OTs, OMs, OEs had similar thermal stability and iodide and bromide 
PILs also had comparable thermal stability. Unsurprisingly, the amino acid derived PIL 
(PBu4Proline, Figure 99) was thermally less stable (250 °C) when compared to the other 
PILs (Figure 97-98). 
 
Figure 99: TGA of PBu4Proline. 
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3.3.9 Differential Scanning Calorimetry 
 
Figure 100 shows heat flow vs. temperature of deionised water. The measured onset 
melting point was -0.43 °C, within 0.5 °C of the literature values, which met Impact 
Analytical Internal Specifications. However, the measured crystallisation or “freezing” point 
was -22.40 °C. This indicates a sample can undergo substantial “super-cooling” before 
starting crystallisation. 
 
 
 
Figure 100: DSC Diagram of deionised water. 
 
Since the differential scanning calorimetry (DSC) data was not available in the literature for 
C14PHex3Cl, C14PHex3Br, C14PHex3TPP, C14PHex3Dca and MePi-Bu3OTs, which were 
available in large quantities in the laboratory, it was decided to carry out the studies in 
order to compare the characteristics of these PILs with the nopol and proline derived PILs. 
For PILs MePi-Bu3OTs, C14PHex3Cl and C14PHex3TPP (Figure 101), when the temperature 
cooled down from 25 to -80 °C, they exhibited an endothermal process until -40 °C, 
followed by the exothermal process. No obvious freezing points were observed. When 
heating C14PHex3Br and C14PHex3Dca, they showed two endothermal peaks, these might 
be liquid crystal states (a distinct phase of matter observed between the crystalline and 
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isotropic states). The phase behavior of liquid crystals depends upon the amount of order 
in the material.   
 
  
Figure 101: DSC diagram of C14PHex3Cl, C14PHex3Br, C14PHex3TPP, C14PHex3Dca and 
MePi-Bu3OTs. 
 
The nopyltributyl and nopyltrioctyl PILs (Figures 102 and 103) showed no freezing point or 
melting point. Cooling and heating were all smooth lines. The large heat flow changes were 
observed for the BF4 nopyl PILs; the smallest changes were noticed for the PF6 nopyl PILs.  
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Figure 102: DSC diagram of tributyl nopyl PILs (NopylPBu3PF6, NopylPBu3BF4, 
NopylPBu3Br, NopylPBu3OEs, NopylPBu3I, NopylPBu3OMs, NopylPBu3OTs). 
 
 
 
Figure 103: DSC diagram of PILs trioctyl Nopyl PILs (NopylPOct3PF6, NopylPOct3BF4, 
NopylPOct3Br, NopylPOct3OEs, NopylPOct3I, NopylPOct3OMs, NopylPOct3OTs). 
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3.3.10 Toxicity Studies 
 
A series of 30 PILs were subjected to high throughput screening for toxicity towards 
Escherichia coli. They were tested at the Manchester Interdisciplinary Biocentre, University 
of Manchester. The results were obtained by two steps. 
 
3.3.10.1 Microorganism and Growth 
E. coli MG1655 was obtained from Simon Andrews at Reading University, UK. E. coli 
MG1655 was maintained on LB agar. Inocula were grown from a single colony in either LB 
medium at 37 oC with shaking at 200 rpm. Agar No. 2 was purchased from Lab M, yeast 
extract was purchased from Foremedium. All other chemicals and medium components 
were purchased from Sigma-Aldrich. 
 
3.3.10.2 High Throughput Agar Diffusion Test for Ionic Liquid Toxicity 
The Rebros’s method was used.226 A lawn of E. coli MG1655 was prepared by spreading a 
sample from an overnight culture (100 µl) on an LB agar plate. An aliquot of ionic liquid was 
added to a pre-weighed, sterile, filter paper disc (6 mm diameter), using an automatic 
pipette set to 5 µl, and then re-weighed. The ionic liquid-saturated filter paper was 
transferred aseptically to the LB agar plate. The residual ionic liquid was re-weighed, and 
the weight of ionic liquid added to the disc was calculated.  The plates were incubated 
overnight in a static incubator at 37 oC and the diameter of the inhibition zone around the 
filter paper was recorded.226 Each ionic liquid was tested in triplicate and diffusion zones 
quoted are the average of the three replicates, unless otherwise stated. 
 
Table 35 displays the results obtained and shows the toxicity in the column headed 
‘Average diffusion zone’. If the the number is zero, the PIL is non-toxic. The PILs with long 
alkyl chains or large triphenyl substitution are non-toxic; the short alkyl chains are toxic. 
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Entry Ionic Liquid Average 
Weight PIL [g] 
Average Diffusion Zone  
[cm] 
1 NopylPBu3OTs 0.004 0.3 ± 0.06 
2 NopylPOct3OTs 0.006 0 
3 NopylPBu3Ms 0.004 0.3 ± 0.06 
4 NopylPOct3Ms 0.004 0 
5 NopylPBu3Es 0.004 0.3 ± 0.06 
6 NopylPOct3Es 0.004 0 
7 NopylPBu3Br 0.0045 0.4 ± 0.06 
8 NopylPOct3Br 0.0042 0 
9 NopylPBu3I 0.005 0.2 ± 0.06 
10 NopylPOct3I 0.004 0 
11 PBu4OTs 0.0049 0.05 
12 OctPBu3OTs 0.0041 0.2 
13 EtPPh3Br 0.009 0 
14 BuPPh3Br 0.006 0 
15 EtPBu3Br 0.006 0.1 ± 0.09 
16 EtPBu3OTs 0.0052 0.07 ± 0.03 
17 EtPBu3I 0.006 0 
18 EtPPh3OTs 0.005 0 
19 HexPPh3OTs 0.006 0 
20 OctPPh3OTs 0.005 0 
21 C10PPh3OTs 0.006 0 
22 C14PHex3Cl 0.0047 0 
23 C14PHex3Br 0.0053 0 
24 C14PHex3Deca 0.0052 0 
25 C14PHex3TPP 0.0042 0 
26 C14PHex3Dca 0.0046 0 
27 MePi-Bu3OTs 0.0055 0.03 ± 0.06 
28 MePBu3Ms 0.0049 0.2 ± 0.06 
29 PBu4Cl 0.0055 0 
30 POct4Br 0.006 0 
 
Table 35: High throughput screening for PILs toxicity towards Escherichia coli. 
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There are three parts of that IL which dictates its toxicity properties. The cation, the 
substituents (side chain) on the cation and the anion. There are reports which confirm that 
the longer side chain on imidazollium ILs increases the toxicity; [C8mim][BF4] is more toxic 
than [C4mim][BF4], and the anion effect is less than the side chain effect.227,228 A study on 
the toxicity of 14 water miscible ammonium ILs was conducted by Stephens and coworkers 
using the Agar Diffusion test using Clostridium butyricum.226 An inhibition zone was 
produced where an EC50 (medium effective concentration) value less than 0.034 M 
suggested that the compound was toxic. The EC50 value for the immidazolium ILs was 
higher than 0.063 M which means that they were non-toxic. The diffusion zone size of 
[C8mim][Br] was 0.9 cm and 0.6 cm for [C6mim][Iodide], which corresponds to very low 
EC50 values and hence very toxic compounds. The size of [C4mim][N(CN)2], [C6mim][Br], 
[bmpyrr][N(CN)2], [C4mim][Br], [C4mim][C1OSO3] and [C4mim][I] were between 0.05-0.225 
cm, their EC50 value were between 0.034-0.063 M, which implied that they were less toxic. 
No inhibition zone was found on [N1,1,4,C2OH][N(CN)2], [C2mim][C2OSO3], 
[C2mim][C1OC2OC2OC2OSO3], [N2,4,(C2OH)2][N(CN)2], [N1,1,2,4][C2OSO3] and 
[N2,4,(C2OH)2][C2OSO3], and their EC50 values were in the range of 0.063-0.24 M; they 
were non-toxic. 
 
There are limited studies on the toxicity of PILs. n-Bu4PCl and n-Bu4PBr were found to 
severely irritate rabbit’s skin and the pure hygroscopic chemicals caused fatality in more 
than half the number of rabbits studied.229 The single-application of n-Bu4PCl LD50 (lethal 
dose) to the skin of male and female rabbits was 600 mg/Kg and 500 mg/Kg respectively. 
The equivalent values for n-Bu4PBr were 700 mg/Kg and 850 mg/Kg for male and female 
rabbits.  
 
Phosphonium salts have been exploited as potential anticancer and antiparasitic drugs. 
Accumulation of the MePPh3 cation with cytotoxicity in multidrug resistance (MDR) was 
studied, and it was found to accumulate to a greater degree in MDR- vs MDR+ cells than 
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guanudunium, octylguanidinium and octylpyridinium cations.230 Triphenyl PILs can facile 
transport through plasma membranes or cell walls to accumulate in the cytoplasm or 
mitochondria of cells due to their lipophilic and cationic character. They can aggregate the 
DNA, and this interaction correlates with bacterial toxicity, which may deter cellular 
metabolic DNA pathways.231 Therefore some of the cationic lipophilic ionic phosphonium 
salts possess anticancer activity. The bulky PILs displayed lower inhibitory action on 
acetylcholinesterase compared to the imidazolium and pyridinium ILs.232 C14PHex3BF4 
exhibited higher cytotoxicity than imidazolium, pyrrolidinium and quinolinium ILs on IPC-81 
leukemia cells.233 3-Chloropropyltris(4-dimethylaminophenyl)phosphonium chloride and 
3-iodopropyltris(4-dimethylaminophenyl)phosphonium iodide were studied in vitro and in 
vivo against human ovarian cancer cell lines, and they showed promising anticancer 
activity.234 Several triphenyl PILs were tested for their acetylcholinesterase activity and 
action against the  Schistosoma Mansoni parasites.235,236 The mechanism of the action of 
PILs on the plants and animals needs to be investigated in the further work. 
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3.4  Diels-Alder Reactions in Phosphonium Ionic Liquids 
 
3.4.1 Diels-Alder Reactions of Cyclopentadiene 
3.4.1.1  Diels-Alder Reactions of Cyclopentadiene with Methyl Acrylate  
 
 
 
   1           7                      16                17 
 
Figure 28: Diels-Alder reaction of cyclopentadiene 1 with methyl acrylate 7. 
 
The Diels-Alder reaction of cyclopentadiene 1 with methyl acrylate 7 (Figure 28) has been 
studied in eight PILs (Table 36). The endo-product 16 was kinetically favoured, and it was 
the major product in the resulting mixture after prolonged reaction times. The 1H and 13C 
NMR spectra of the products correspond with the literature data.237,238 The isomer ratio was 
determined by integration of the olefinic protons at 5.95 ppm (endo 16) and 6.13 ppm (exo 
17), as well as those of the methoxy group, 3.62 ppm (endo 16) and 3.69 ppm (exo 17) in 
the 1H NMR spectra. The accuracy in the integration is 1-2 % based on the ECA 600 MHz 
NMR spectrometer which depends on the signal-to-noise ratio; 1 % precision corresponds 
to 250:1.239  
 
The eight CPILs, NopylPBu3OTs, NopylPOct3OTs, NopylPBu3I, NopylPOct3I, 
NopylPBu3OMs, NopylPOct3OMs, NopylPBu3OEs and NopylPOct3OEs were chosen, 
because of their low melting point and higher purity. This made it possible to carry out the 
reaction of cyclopentadiene 1 with methyl acrylate 7 at 0 °C, and therefore to study the 
effect of the temperature on the reaction.  
 
In NopylPBu3OTs, after 2 h, a mixture (71:29) of 16 and 17 was obtained in 9 % yield (entry 
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1). When the reaction time was extended to 24 h, the yield increased to 43 % (entry 2), and 
the endo/exo ratio remained unchanged. Raising the reaction temperature to 20 °C 
increased the yield to 32 % after 2 h (entry 3).  After 24 h at 20 °C, 65 % of a 79:21 
product mixture was obtained (entry 4). In both cases, the endo/exo ratio did not change 
significantly. At 40 °C for 2 h, the reaction of 1 and 7 yielded a 74:26 mixture of 
endo-isomer 16 and exo-isomer 17 in 59 % yield (entry 5). The reaction at 40 °C for 24 h 
yielded 81 % with endo/exo ratio being unaffected (entry 6). Increasing the reaction 
temperature to 70 °C improved the yield (93 %), with no change in selectivity (entry 7). 
 
The reaction of 1 and 7 in NopylPOct3OTs carried out at 0 °C for 2 h gave a selectivity of 
68:32 and the mixture of endo-isomer 16 and exo-isomer 17 in a very poor yield (11 %) 
(entry 8). When the reaction time was extended to 24 h, the yield increased to 40 % (entry 
9), and the endo/exo ratio increased (77:23). An equimolar mixture of 1 and 7 which was 
allowed to react at 20 °C for 2 h, yielded 35 % (entry 10) of a mixture of 16 and 17 (79 : 21). 
Using an excess of either the diene or dienophile did improve the yield slightly (39 % and 
41 %) but the endo/exo ratio did not change (entries 11, 12). When the reaction time was 
extended to 24 h at 20 °C, the yield increased significantly. An equimolar mixture of 
reactants afforded 71 % yield (entry 13) and with similar endo/exo ratio (79:21). Using an 
excess of cyclopentadiene or methyl acrylate did improve the yield (80 % and 90 %) but 
the selectivity was not affected (77:23, 74:26) (entries 14, 15). At higher temperature 
(40 °C), the yields after 2 h and 24 h were 59 % and 81 % (entries 16, 17) with the same 
endo/exo ratio (79:21). 
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Entry 1:7 
[mmol] 
CPIL 
 
Time 
[h] 
T 
[°C] 
Work-upa Yield 
[%] 
Ratio 
endo:exo 
16:17 
1 2.5:2.5 NopylPBu3OTs 2 0 A 9 71:29 
2 2.5:2.5 NopylPBu3OTs 24 0 A 43 73:27 
3 2.5:2.5 NopylPBu3OTs 2 20 A 32 80:20 
4 2.5:2.5 NopylPBu3OTs 24 20 A 65 79:21 
5 2.5:2.5 NopylPBu3OTs 2 40 A 59 76:24 
6 2.5:2.5 NopylPBu3OTs 24 40 A 81 74:26 
7 2.5:2.5 NopylPBu3OTs 24 70 A 93 75:25 
        
8 2.5:2.5 NopylPOct3OTs 2 0 A 11 68:32 
9 2.5:2.5 NopylPOct3OTs 24 0 A 40 77:23 
10 2.5:2.5 NopylPOct3OTs 2 20 A 35 79:21 
11 3.75:2.5 NopylPOct3OTs 2 20 A 39 78:22 
12 2.5:3.75 NopylPOct3OTs 2 20 A 41 79:21 
13 2.5:2.5 NopylPOct3OTs 24 20 A 71 78:22 
14 2.5:3.75 NopylPOct3OTs 24 20 A 80 77:23 
15 3.75:2.5 NopylPOct3OTs 24 20 A 90 74:26 
16 2.5:2.5 NopylPOct3OTs 2 40 A 59 76:24 
17 2.5:2.5 NopylPOct3OTs 24 40 A 81 76:24 
        
18 2.5:2.5 NopylPBu3I 2 0 A 13 85:15 
19 2.5:2.5 NopylPBu3I 24 0 A 48 80:20 
20 2.5:2.5 NopylPBu3I 2 20 A 34 83:17 
21 2.5:2.5 NopylPBu3I 24 20 A 92 80:20 
22 2.5:2.5 NopylPBu3I 2 40 A 66 77:23 
23 2.5:2.5 NopylPBu3I 24 40 A 80 75:25 
        
24 2.5:2.5 NopylPOct3I 2 0 A 11 81:19 
25 2.5:2.5 NopylPOct3I 24 0 A 44 80:20 
26 2.5:2.5 NopylPOct3I 2 20 A 35 81:19 
27 2.5:2.5 NopylPOct3I 24 20 A 65 79:21 
28 2.5:2.5 NopylPOct3I 2 40 A 62 76:24 
29 2.5:2.5 NopylPOct3I 24 40 A 83 
 
76:24 
Table 36: Diels-Alder reactions of cyclopentadiene with methyl acrylate in nopol CPILs. 
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Entry 1:7 
[mmol] 
CPIL 
 
Time 
[h] 
T 
[°C] 
Work-upa Yield 
[%] 
Ratio 
endo:exo 
16:17 
30 2.5:2.5 NopylPBu3OMs 2 0 A 7 78:22 
31 2.5:2.5 NopylPBu3OMs 24 0 A 37 81:19 
32 2.5:2.5 NopylPBu3OMs 2 20 A 28 82:18 
33 2.5:2.5 NopylPBu3OMs 24 20 A 72 79:21 
34 2.5:2.5 NopylPBu3OMs 2 40 A 61 78:22 
35 2.5:2.5 NopylPBu3OMs 24 40 A 83 79:21 
        
36 2.5:2.5 NopylPOct3OMs 2 0 A 9 78:22 
37 2.5:2.5 NopylPOct3OMs 24 0 A 37 78:22 
38 2.5:2.5 NopylPOct3OMs 2 20 A 25 78:22 
39 2.5:2.5 NopylPOct3OMs 24 20 A 69 78:22 
40 2.5:2.5 NopylPOct3OMs 2 40 A 54 77:23 
41 2.5:2.5 NopylPOct3OMs 24 40 A 67 71:29 
        
42 2.5:2.5 NopylPBu3OEs 2 0 A 9 82:18 
43 2.5:2.5 NopylPBu3OEs 24 0 A 38 78:22 
44 2.5:2.5 NopylPBu3OEs 2 20 A 27 78:22 
45 2.5:2.5 NopylPBu3OEs 24 20 A 69 75:25 
46 2.5:2.5 NopylPBu3OEs 2 40 A 55 77:23 
47 2.5:2.5 NopylPBu3OEs 24 40 A 80 75:25 
        
48 2.5:2.5 NopylPOct3OEs 2 0 B 8 81:19 
49 2.5:2.5 NopylPOct3OEs 24 0 B 37 78:22 
50 2.5:2.5 NopylPOct3OEs 2 20 B 23 78:22 
51 2.5:2.5 NopylPOct3OEs 24 20 B 67 77:23 
52 2.5:2.5 NopylPOct3OEs 2 40 B 57 76:24 
53 2.5:2.5 NopylPOct3OEs 24 40 B 79 76:24 
 
Table 36: Diels-Alder reactions of cyclopentadiene with methyl acrylate in Nopol CPILs. 
aWorkup A: extraction into petro ether 40 °C, Workup B: extraction into ether. 
 
All reactions of cyclopentadiene and methyl acrylate in NopylPBu3I were carried out with 
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equimolar amounts of reagents. Under the same reaction conditions, all the yields and 
endo/exo selectivities were the best when compared to the results obtained using other 
CPILs. The reaction which was carried out at 0 °C for 2 h, yielded good endo selectivity 
(85:15) but low yields (entry 18). When the reaction time was extended to 24 h, the yield 
increased to 48 % (entry 19), and the endo/exo ratio decreased (80:20). Raising the 
reaction temperature to 20 °C increased the yield to 34 % after 2 h (entry 20) and slightly 
improved the endo selectivity (83:17). After 24 h at 20 °C, the yield increased significantly 
(92 %), this was accompanied by a selectivity of 80:20 (entry 21). At 40 °C for 2 h, the 
reaction gave a 77:23 mixture of endo-isomer 16 and exo-isomer 17 in 66 % yield (entry 
22). Increasing the reaction temperature and time, 40 °C for 24 h, yielded 80 % of a 
mixture isomers, with endo/exo ratio dropping slightly (entry 23). Changing the cation to the 
[NopylPOct3]+, gave similar results to [NopylPBu3]+; but with slightly lower yields and 
selectivity (entries 26-29).  
 
Better results for the reactions of cyclopentadiene and methyl acrylate were observed in 
NopylPBu3OMs compared to reactions conducted in three PILs NopylPOct3OMs, 
NopylPBu3OEs and NopylPOct3OEs. When the reactions were carried out at 0 °C for 2 h 
and 24 h, low yields (7 % and 37 %, entrie 30, 31) with endo/exo ratio (78:22, 81:19) were 
observed. Increasing the reaction temperature to 20 °C, caused the yield to increase to 
28 % and 72 % after 2 h and 24 h respectively (entry 32, 33), with higher selectivity (82:18, 
79:21). When the reaction was carried out at 40 °C, the yield increased to 61 % and 83 % 
for 2 h and 24 h (entry 34, 35) and no significant change in selectivity.  
 
For the reactions of 1 and 7 in NopylPOct3OMs, NopylPBu3OEs and NopylPOct3OEs, 
similar results were observed. At 0 °C for 2 h, poor yields (8-9 %) were obtained, and the 
selectivities in the ethanesulfonyl PILs were slightly higher (82:18) than in the 
methanesulfonyl PILs (78:22). Extending the reaction time to 24 h for all these reactions 
gave yields around 37 % with similar endo/exo selectivity (78:22). Increasing the reaction 
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temperature to 20 °C, improved the yield for the reactions conducted for 2 h and 24 h, with 
comparable endo/exo ratio (78:22). When the reaction was carried out at the higher 
temperature 40 °C, the yields increased significantly with a slight drop in selectivity (75:25). 
The lowest endo/exo ratio (71:29) was obtained for the reaction conducted in 
NopylPOct3OMs (entry 34). 
 
Overall in the Diels-Alder reactions of cyclopentadiene, the stereoselectivity observed is 
the best (85:15) in NopylPBu3I compared to other PILs, including most of the tosylate PILs 
synthesed by Ludley ([P8,8,8,2][OTs], RT, 24 h, 67 %, 80:20, Table 1).114 Comparison of these 
results with data in the literature (see Introduction), showed a slight improvement in 
endo/exo selectivity over uncatalysed reactions. The Diels-Alder reactions have been 
extensively studied in imidazolium ILs. All the imidazolium ILs possessing the lactate anion 
gave excellent yields around 90 % at RT after 24 h, but the selectivities were not good. It 
should be noted that [bmim][lactate] is considered to have a greater degree of 
hydrogen-bonding interactions than these CPILs. The same reaction in IL [bmim][N(Tf)2] 
without catalyst gave the best endo/exo selectivity (86:14), but [bmim][I] afforded poor 
selectivity (68:32). However, NopylPBu3I is still superior than most of the ILs tested.119-128 
 
 
Figure 104: The interaction of the phosphonium cation with the carbonyl oxygen of 
dienophiles. 
 
Generally, the higher reaction temperatures, lead to lower stereoselectivity. For Diels-Alder 
reactions of cyclopentadiene 1 and methyl acrylate 7, this is a common phenomenon, 
because the exo-isomer is thermodynamically more stable than the endo-isomer. 
A reason for the observed acceleration of the reaction of cyclopentadiene 1 and methyl 
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acrylate 7 when using PILs, is the likely Lewis acid complexation of the dienophile (Figure 
104). It is known that Lewis acids can increase the endo/exo selectivity due to 
improvement of secondary orbital interactions. The endo product is often more sterically 
congested. In this case, the PILs act as both Lewis acids and solvents. Because of steric 
interference, the phosphonium group attached to the carbonyl oxygen atom may affect its 
catalytic influence on the reaction.  
 
Comparison of the results obtained in nopyl PILs with the same anions, reveal that there is 
a small difference between tributylphosphonium ILs and trioctylphosphonium ILs. However, 
the lower steric hindrance in [P4,4,4,2][OTs] can gave higher yields; the shorter butyl group 
allows for the more rapid formation of the complex, but the selectivity was low. The 
endo/exo ratio in tributylphosphonium ILs is slightly better than in the trioctylphosphonium 
ILs. This may be due to the very bulky octyl groups which hinder the reaction to some 
extent. Comparison of the results obtained in nopyl PILs with the same cation, shows that 
the anions can cause a big difference in yields and selectivity (I>OMs>OEs>OTs). The 
reactions in [bmim][PF6] gave higher yield than in [bmim][BF4] at RT.4 however the nopyl 
[PF6] PILs were not liquid at RT and therefore they were not used at this temperature. 
 
3.4.1.1.1 Effect of the Amount of Phosphonium Ionic Liquid 
There is an optimum amount of PIL that should be used in any reaction. This is a balance 
between the solvent effects and catalytic effects of the PIL. triisobutyl(methyl)phosphonium 
tosylate (MePi-Bu3OTs) from Cytec industries was tested in Diels-Alder reactions of 
cyclopentadiene 1 and methyl acrylate 7. Different amounts of MePi-Bu3OTs were tested 
for the same reaction under the same conditions. When no MePi-Bu3OTs was present in 
the reaction (entry 1), the yield was low (46 %). Addition of 0.1 g MePi-Bu3OTs to the 
reaction mixture improved the yield significantly (57 %). Increasing the amount of 
MePi-Bu3OTs corresponded with a decrease in the yields from 55 % to 37 % (entries 3-8). 
However the result obtained with 0.257 mmol (12.85 mol %) MePi-Bu3OTs (entry 2) was 
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the best (Table 37), but it just a probable point and more detailed studies were conducted 
using accurate amounts of PIL. 
 
Figure 105: Structure of MePi-Bu3OTs. 
 
Entry 1:7 
[mmol] 
PIL 
 
Time 
[h] 
T 
[°C] 
PIL 
[mmol] 
Yielda 
[%] 
Ratio 
endo:exo 
16:17 
1 3:2 MePi-Bu3OTs 2 22 0 46 71:29 
2 3:2 MePi-Bu3OTs 2 22 0.257 57 71:29 
3 3:2 MePi-Bu3OTs 2 22 0.643 55 73:27 
4 3:2 MePi-Bu3OTs 2 22 1.287 53 79:21 
5 3:2 MePi-Bu3OTs 2 22 1.930 54 81:19 
6 3:2 MePi-Bu3OTs 2 22 2.573 51 79:21 
7 3:2 MePi-Bu3OTs 2 22 5.147 37 78:22 
 
Table 37 Diels-Alder reactions of cyclopentadiene with methyl acrylate in MePi-Bu3OTs for 
2 h at 22 °C. aCalculated from NMR spectra. 
 
 
The reaction in MePi-Bu3OTs (0.257 mmol, entry 2) yielded 57 % with endo/exo ratio 71:29. 
Increasing the amount of PIL to 5.147 mmol (entry 7), caused the yield to drop to 37 % with 
endo/exo ratio 78:22. This observation shows increasing the amount of PIL will improve the 
selectivity, but not the yield. The presence of more PIL will increase the volume of the 
mixture and this results in a lower concentration of the reactants, which leads to slower 
reactions. If MePi-Bu3OTs is acting as catalyst, the greater concentration of the catalyst 
corresponds to a faster reaction. However, if it is behaving as a solvent, the higher 
concentration of the reactants results in higher yield. Since MePi-Bu3OTs acts as both 
catalyst and solvent, there must be an optimum amount which gives the highest yield. 
There will be a compromise between yield and selectivity. 
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The reaction of cyclopentadiene 1 and methyl acrylate 7 was repeated with different 
amounts of MePi-Bu3OTs. The amounts of PIL tested was reduced as far as possible (3.85 
mol %).   
 
Entry 1:7 
[mmol] 
PIL Time 
[h] 
T 
[°C] 
PIL 
[mmol] 
Yield 
[%] 
Ratio 
endo:exo 
16:17 
1 3:2 MePi-Bu3OTs 2 22 0 46 71:29 
2 3:2 MePi-Bu3OTs 2 22 0.077 47 76:24 
3 3:2 MePi-Bu3OTs 2 22 0.152 50 78:22 
4 3:2 MePi-Bu3OTs 2 22 0.206 51 78:22 
5 3:2 MePi-Bu3OTs 2 22 0.293 52 78:22 
6 3:2 MePi-Bu3OTs 2 22 0.412 53 79:21 
7 3:2 MePi-Bu3OTs 2 22 0.517 54 80:20 
8 3:2 MePi-Bu3OTs 2 22 0.597 55 80:20 
9 3:2 MePi-Bu3OTs 2 22 0.687 53 80:20 
10 3:2 MePi-Bu3OTs 2 22 0.677 52 80:20 
11 3:2 MePi-Bu3OTs 2 22 0.726 52 80:20 
12 3:2 MePi-Bu3OTs 2 22 0.772 51 80:20 
13 3:2 MePi-Bu3OTs 2 22 0.862 48 80:20 
14 3:2 MePi-Bu3OTs 2 22 0.985 48 81:19 
 
 
Table 38: Diels-Alder reactions of cyclopentadiene with methyl acrylate in MePi-Bu3OTs 
(MePi-Bu3OTs) for 2 h at 22 °C. 
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Figure 106: Diels-Alder reactions of cyclopentadiene with methyl acrylate in MePi-Bu3OTs 
for 2 h at 22 °C. 
 
Figure 106 shows the relationship between yield, selectivity and amount of PIL. The 
selectivity suddenly increased from 71:29 to 76:23 when 1.287 mmol MePi-Bu3OTs was 
involved in the reaction (entries 1, 2). Then, increasing the amount of MePi-Bu3OTs 
resulted in the selectivity increasing. Changing the amount of MePi-Bu3OTs caused very 
little change in selectivity which was around 80:20. The yields of the reactions reached a 
maximum and then started to decrease. The optimum amount of PIL was in the middle 
when 0.597 mmol MePi-Bu3OTs was added to the reaction which gave the best yield 55 % 
(entry 8). In conclusion, for the reaction of cyclopentadiene 1 (3 mmol) and methyl acrylate 
7 (2 mmol) in MePi-Bu3OTs (0.23 g, 0.597 mmol) will give the highest yield, more PIL 
beyond this point will not increase the yield or selectivity (Table 39). 
 
Each different PIL has different physical and chemical properties. So the best amount of 
PIL for the individual Diels-Alder reaction is not expected to be the same.  
 
The identical reaction of cyclopentadiene 1 and methyl acrylate 7 was carried out under 
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similar conditions in NopylPBu3OTs (Table 39). The yield was 40 % with endo/exo ratio 
76:24 (entry 1). 
 
Entry 1:7 
[mmol] 
CPIL Time 
[h] 
T 
[°C] 
PIL 
[mmol] 
Yield 
[%] 
Ratio 
endo:exo 
16:17 
1 3:2 NopylPBu3OTs 2 22 0 40 76:24 
2 3:2 NopylPBu3OTs 2 22 0.096 55 78:22 
3 3:2 NopylPBu3OTs 2 22 0.191 57 79:21 
4 3:2 NopylPBu3OTs 2 22 0.478 55 79:21 
5 3:2 NopylPBu3OTs 2 22 0.956 49 80:20 
6 3:2 NopylPBu3OTs 2 22 1.435 47 83:17 
 
Table 39 Diels-Alder reactions of cyclopentadiene with methyl acrylate in NopylPBu3OTs 
for 2 h at 22 °C. 
 
Increasing the PIL to 0.096 mmol improved the yield to 55 % and selectivity 78:22 (entry 2). 
When 0.191 mmol of PIL was added into the reaction, it yielded the best result 57 % (entry 
3). More PIL did improve the selectivity but not the yield (entries 4-6), the endo/exo ratio 
increased from 79:21 to 83:17, and the yield reduced from 55 % to 47 %. 
 
Entry 1:7 
[mmol] 
CPIL Time 
[h] 
T 
[°C] 
PIL 
[mmol] 
Yield 
[%] 
Ratio 
endo:exo 
16:17 
1 3:2 NopylPBu3OTs 2 21 0.084 44 76:24 
2 3:2 NopylPBu3OTs 2 21 0.138 44 78:22 
3 3:2 NopylPBu3OTs 2 21 0.231 45 78:22 
4 3:2 NopylPBu3OTs 2 21 0.310 45 78:22 
5 3:2 NopylPBu3OTs 2 21 0.406 45 79:21 
6 3:2 NopylPBu3OTs 2 21 0.450 44 78:22 
7 3:2 NopylPBu3OTs 2 21 0.516 41 80:20 
8 3:2 NopylPBu3OTs 2 21 0.599 39 80:20 
 
Table 40: Diels-Alder reactions of cyclopentadiene with methyl acrylate in NopylPBu3OTs 
for 2 h at 21 °C. 
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Figure 107: Diels-Alder reactions of cyclopentadiene with methyl acrylate in 
NopylPBu3OTs for 2 h at 21 °C. 
 
The more detailed study varying the amount of NopylPBu3OTs in the reaction of 
cyclopentadiene 1 and methyl acrylate 7 was then undertaken. Figure 107 shows the 
relationship between yield, selectivity and amount of NopylPBu3OTs. The selectivity 
continued increasing from 77:23 to 80:20 when increasing amounts of NopylPBu3OTs was 
used (entries 1-8). The highest yield was obtained when the optimum amount of 
NopylPBu3OTs was added, and this corresponded to 0.31 mmol (46 %, entry 4). The ideal 
amount for best yield should therefore be around this point.  
 
Entry 1:7 
[mmol] 
CPIL Time
[h] 
T 
[°C] 
PIL 
[mmol] 
Yield 
[%] 
Ratio 
endo:exo 
16:17 
1 3:2 NopylPBu3I 2 20 0.105 39 77:23 
2 3:2 NopylPBu3I 2 20 0.180 43 78:22 
3 3:2 NopylPBu3I 2 20 0.257 45 78:22 
4 3:2 NopylPBu3I 2 20 0.349 46 79:21 
5 3:2 NopylPBu3I 2 20 0.389 44 79:21 
6 3:2 NopylPBu3I 2 20 0.504 42 80:20 
7 3:2 NopylPBu3I 2 20 0.606 41 80:20 
8 3:2 NopylPBu3I 2 20 0.701 40 81:21 
 
Table 41: Diels-Alder reactions of cyclopentadiene with methyl acrylate in NopylPBu3I for  
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2 h at 20 °C. 
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Figure 108: Diels-Alder reactions of cyclopentadiene with methyl acrylate in NopylPBu3I 
for 2 h at 20 °C. 
 
NopylPBu3I was also tested for the same reaction of cyclopentadiene 31 and methyl 
acrylate 32. The increase in selectivity from 77:23 to 80:20 corresponded to increasing 
amounts of NopylPBu3I in the reaction (entries 1-8). The ideal amount of NopylPBu3I to 
abtain the greatest yield (45 %, entry 4) is around 0.349 mmol. 
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Figure 109: Yields and mmol of Diels-Alder reactions of cyclopentadiene with methyl 
acrylate in MePi-Bu3OTs (yellow), PBu3NopylOTs (pink), and NopylPBu3I (blue). 
 
The PIL MePi-Bu3OTs gave higher yield (5 %) than the other two PILs; this is due to 
theeffect of the PF6 anion which speeded up the Diels-Alder reaction. Figure 109 illustrates 
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the effect of different PIL: starting materials ratios. Different amounts of each IL are 
required for the best catalytic effect in the absence of any other additive such as Lewis 
acids. 
 
Entry C/M 
[mmol] 
PIL 
 
Time 
[h] 
T 
[°C] 
PIL 
[mmol] 
Yield 
[%] 
Ratio 
endo:exo 
16:17 
1 3:2 MePi-Bu3OTs 2 30 0 70 75:25 
2 3:2 MePi-Bu3OTs 2 30 0.121 71 76:24 
3 3:2 MePi-Bu3OTs 2 30 0.252 71 78:22 
4 3:2 MePi-Bu3OTs 2 30 0.342 72 77:23 
5 3:2 MePi-Bu3OTs 2 30 0.445 73 77:23 
6 3:2 MePi-Bu3OTs 2 30 0.548 74 78:22 
7 3:2 MePi-Bu3OTs 2 30 0.715 76 79:21 
8 3:2 MePi-Bu3OTs 2 30 0.775 75 79:21 
9 3:2 MePi-Bu3OTs 2 30 0.862 74 80:20 
 
Table 42: Diels-Alder reactions of cyclopentadiene with methyl acrylate in MePi-Bu3OTs for 
2 h at 30 °C. 
 
Comparison of the results in Tables 38 and 39, shows that the yields in Table 38 are 10 % 
higher than the yields in Table 39. The 2-3 °C difference in the reaction temperatureis 
unlikely to have a major effect. This suggests that the optimum amount of PIL in a 
Diels-Alder reaction will be different at different reaction temperatures. Table 42 displays 
the results of the cycloaddition of cyclopentadiene and methyl acrylate at 30 °C in different 
amounts of MePi-Bu3OTs. The yields increased when the amount of MePi-Bu3OTs was 
increased until 0.775 mmol, and the increase in selectivity with increasing amounts of the 
PIL is not significant. 
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3.4.1.1.2  Recyclability 
 
 
 
Figure 110: Product recovery and catalyst/PIL recycle. 
 
Entry Cycle 1:7 
[mmol] 
Phosphonium 
salt 
Time 
[h] 
T 
[°C] 
Yield 
[%] 
Ratio 
endo:exo 
16:17 
1 1 1.5:1 NopylPOct3OTs 24 20 80 77:23 
2 2 1.5:1 NopylPOct3OTs 24 20 79 76:24 
3 3 1.5:1 NopylPOct3OTs 24 20 76 76:24 
4 4 1.5:1 NopylPOct3OTs 24 20 75 75:25 
 
Table 43: Recyclability of NopylPOct3OTs in Diels-Alder reactions of cyclopentadiene with 
methyl acrylate. 
 
The recyclability of NopylPOct3OTs was studied as an illustration of the effect of solvent 
recycling on product yield and selectitivity. The reaction was performed as described above 
using 1.0 g of NopylPOct3OTs, and the conversion was checked by 1H NMR spectroscopy 
after 24 h. The reaction mixture was then extracted with diethyl ether and the recovered IL 
was dried under vacuum. The recovery of the IL was >98%. It was then used to perform the 
next reaction. This procedure was repeated four times. Results in Table 43 showed that 
NopylPOct3OTs could be used as many as four times with only a small loss in activity. 
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3.4.1.1.3 Phosphonium Ionic Liquid/Solid Catalyst Systems 
Homogeneous Lewis acids have many disadvantages associated with their use. These 
include the need for great quantities of catalyst, difficult isolation procedures, potential 
environmental issues and difficulty in recycling. Heterogeneous catalysts on the other hand 
are easy to handle, reusable, tolerant to a variety of chemicals and reaction conditions and 
they allow simple separation and purification procedures. Silica, alumina and clays are 
some examples of known heterogeneous catalysts which act as catalysts for 
cycloadditions, including the Diels–Alder reaction. Their advantages are that they are inert 
inorganic solids, non-corrosiveness, economical and easily removed during workup. They 
behave as efficient heterogeneous catalysts for various organic transformations because 
of their Bronsted and Lewis acidities.240 K-10 montmorillonite (H2Al2(SiO3)4-nH2O) is an 
example of a cationic and acid activated clay, which catalyses organic reactions most 
probably via acid catalysis.119   
 
Three heterogeneous catalysts were selected for this study; they are K-10, alumina and 
silica, which were tested in the Diels-Alder reactions of cyclopentadiene and methyl vinyl 
ketone. These catalysts have been tested in the presence of ammonium ILs 
(Introduction).119 In an example, SiO2 activated with AlClEt2 and TiCl4, was successfully 
used to catalyse the Diels-Alder reaction between methyl acrylate and cyclopentadiene 
(SiO2/AlClEt2, at RT for 2 h, 98 %, 95:5).123 Al2O3 can form the acidic boronated aluminas 
(BXn/Al2O3, X=F, Cl, Br). These solids catalysed the Diels-Alder reaction and Figure 111 
illustrates how they act.122  
 
Figure 111: Proposed mechanism of the Diels-Alder reaction catalysed by boronated 
aluminas.122  
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Entry 1:7 
[mmol] 
CPIL SiO2 Time 
[h] 
T 
[°C] 
Yield 
[%] 
Ratio 
endo:exo 
16:17 
1 2.5:2.5 NopylPOct3I - 2 25 35 81:19 
2 2.2:2 NopylPOct3I - 2 25 39 80:20 
3 2.2:2 NopylPOct3I 0.25g 2 25 37 83:17 
4 2.2:2 NopylPOct3I 0.50g 2 25 45 87:13 
5 2.2:2 NopylPOct3I 0.75g 2 25 49 86:14 
6 2.2:2 NopylPOct3I 1.00g 2 25 55 85:15 
 
Table 44: Diels-Alder reactions of cyclopentadiene with methyl acrylate in CPILs and SiO2. 
 
Using NopylPOct3I as the solvent, a study was performed on SiO2 loading in order to 
achieve optimal quantity-to-catalytic activity ratio in these cycloaddition processes. The 
results obtained are tabulated (Table 44). As shown, the maximum conversion is attained 
with 0.75 g of SiO2 (entry 5), 49 % yield and 86:14 endo/exo ratio in NopylPOct3I.  Larger 
amounts of SiO2 (entry 6) produce some improvement in the yield; the selectivity is 
essentially unchanged. This may be attributed to poor mixing of the reagents due to too 
much SiO2 in the mixture.  
 
Bravo observed significant improvement in yields in the presence of K-10 for the reaction 
of cyclopentadiene with methyl vinyl ketone.119 However a low yield (12%) was obtained for 
the reaction of cyclopentadiene with methyl acrylate after 60 min, and the corresponding 
selectivity was 79:21 (endo-selective). Therefore it was decided to investigate the effect of 
the PILs on these reactions in the presence of K-10. 
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Entry 1:7 
[mmol] 
CPIL Catalyst Time[h] T 
[°C] 
Yield 
[%] 
Ratio 
endo:exo
16:17 
1 2.5:2.5 NopylPOct3OMs - 2 20 25 78:22 
2 2.2:2 NopylPOct3OMs - 2 20 23 81:19 
3 2.2:2 NopylPOct3OMs Al2O3 2 20 31 79:21 
4 2.2:2 NopylPOct3OMs SiO2 2 20 33 85:14 
5 2.2:2 NopylPOct3OMs K-10 2 20 31 79:21 
        
6 2.5:2.5 NopylPOct3OTs - 2 20 35 79:21 
7 2.2:2 NopylPOct3OTs - 2 20 33 81:19 
8 2.2:2 NopylPOct3OTs Al2O3 2 20 34 82:18 
9 2.2:2 NopylPOct3OTs SiO2 2 20 35 85:15 
10 2.2:2 NopylPOct3OTs K-10 2 20 35 80:20 
        
11 2.5:2.5 NopylPOct3I - 2 20 35 81:19 
12 2.2:2 NopylPOct3I - 2 20 39 80:20 
13 2.2:2 NopylPOct3I Al2O3 2 20 45 88:12 
14 2.2:2 NopylPOct3I SiO2 2 20 49 86:14 
15 2.2:2 NopylPOct3I K-10 2 20 45 87:13 
        
16 2.5:2.5 NopylPBu3OTs - 2 20 32 80:20 
17 2.2:2 NopylPBu3OTs Al2O3 2 20 39 79:21 
18 2.2:2 NopylPBu3OTs SiO2 2 20 46 84:16 
19 2.2:2 NopylPBu3OTs K-10 2 20 44 83:17 
        
20 2.5:2.5 NopylPBu3I - 2 20 34 83:17 
21 2.2:2 NopylPBu3I - 2 20 41 81:19 
22 2.2:2 NopylPBu3I Al2O3 2 20 43 77:23 
23 2.2:2 NopylPBu3I SiO2 2 20 45 83:17 
                     
Table 45: Diels-Alder reactions of cyclopentadiene with methyl acrylate in CPILs and 
catalysts K-10, Al2O3 and SiO2 (0.75g) at RT. 
 
Five different nopol PILs were tested with/without SiO2, K-10 and Al2O3 as catalysts. All the 
reactions proceeded smoothly. Increasing the ratio of the starting materials, 
cyclopentadiene 31 and methyl acrylate 32 to 1.1:1, resulted in the yields increasing 
slightly, but the selectivity did not change significantly. When the catalysts were involved in 
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the reaction, both the reaction rate and selectivity were enhanced. In NopylPOct3I, the 
reaction yield increased by 10 % from 39 % (entry 12) to 49 % (entry 14) when 0.75 g SiO2 
was used, and the endo/exo ratio increased from 80:20 to 86:14. Al2O3 in the presence of 
NopylPOct3I furnished a slightly better selectivity, 88:12. SiO2 performed best and K-10 is 
slightly better than Al2O3 (SiO2 > K-10 ≥ Al2O3). Comparison of the yields with the same 
solid catalyst shows the following trend (Table 45): NopylPOct3I > NopylPBu3I > 
NopylPBu3OTs > NopylPOct3OTs > NopylPOct3OMs. 
 
Entry 1:7 
[mmol] 
PIL 
 
Time 
[h] 
T 
[°C] 
PIL 
[ml] 
Solid 
[g] 
Yield 
[%] 
Ratio 
endo:exo 
16:17 
1 3:2 MePi-Bu3OTs 2 19 0.5 0 37 80:20 
2 3:2 MePi-Bu3OTs 2 19 1.0 0 33 81:19 
3 3:2 MePi-Bu3OTs 2 19 1.5 0 31 78:22 
4 3:2 MePi-Bu3OTs 2 19 2.0 0 28 79:21 
         
5 3:2 MePi-Bu3OTs 2 19 0.5 K-10, 0.05 41 82:18 
6 3:2 MePi-Bu3OTs 2 19 0.5 K-10, 0.10 39 81:19 
7 3:2 MePi-Bu3OTs 2 19 0.5 SiO2, 0.05 45 82:18 
8 3:2 MePi-Bu3OTs 2 19 0.5 SiO2, 0.10 45 81:19 
9 3:2 MePi-Bu3OTs 2 19 0.5 Al2O3, 0.05 46 81:19 
10 3:2 MePi-Bu3OTs 2 19 0.5 Al2O3, 0.10 44 80:20 
         
11 3:2 MePi-Bu3OTs 2 19 2.0 K-10, 0.10 27 83:17 
12 3:2 MePi-Bu3OTs 2 19 2.0 K-10, 0.25 29 82:18 
13 3:2 MePi-Bu3OTs 2 19 2.0 K-10, 0.50 29 85:15 
14 3:2 MePi-Bu3OTs 2 19 2.0 K-10, 0.75 29 86:14 
 
Table 46: Diels-Alder reactions of cyclopentadiene with methyl acrylate in MePi-Bu3OTs for 
2 h at 19 °C in the presence of K-10, SiO2, Al2O3 
 
A series of test reactions were then conducted in MePi-Bu3OTs since large quantities of 
this PIL was available. Different amounts of MePi-Bu3OTs and catalysts were tested in the 
Diels-Alder reactions of cyclopentadiene 31 and methyl acrylate 32. In the absence of clay, 
 134
Chapter 3  Results and Discussion  
 
the reaction in 0.5 ml MePi-Bu3OTs (entry 1) yielded 37 % and the endo/exo ratio was 
80:20. The reactions in the same amount of MePi-Bu3OTs with all clays gave slightly 
improved yields but similar selectivities (entries 5-9). Small amounts of K-10 (0.05 g) 
yielded slightly better results 41 % (entry 5) than larger amounts of K-10 (0.10 g) (39 % 
entry 6). Similar phenomenon was observed with Al2O3; but the yields (45 %) did not 
change when the amount of SiO2 was varied (entries 7, 8). Increasing the volume of 
MePi-Bu3OTs to 2.0 ml, and increasing K-10 to 0.25 g, gave the best yield 29 % (entries 
11-14). This yield was 10 % lower than the reaction in 0.5 ml MePi-Bu3OTs as a results of 
the dilution of the reactants.  
 
In conclusion, catalysts can improve both yield and selectivity in PILs. There is an optimal 
amount/ratio with the PIL and reactants. For certain reactions, different catalysts have 
different effects.  
 
3.4.1.1.4 Application of the Diels-Alder Adducts 
The exo-product 17 has been studied as a cantharidin analogue in the inhibition of protein 
phosphatise 2A. Cantharidin is a naturally occurring toxin present in over 1500 different 
species of the Chinese blister beetles, and it can be isolated from the Spanish fly (Figure 
112).241 The exo-product 17, is also used in polymer studies, as a monomer (Figure 113).242  
 
Figure 112: Chemical structure of cantharidin. 
 
 
Figure 113: Polymerisation of exo-product 17. 
 
 135
Chapter 3  Results and Discussion  
 
The endo-isomer 16 is widely used as a precursor in synthesis, e.g., to synthesise 
(-)-2-isobrendanones (Figure 114).243 
H3CO
O
R
O O
 
Figure 114: Application of 16 in the synthesis of isobrendanones. 
 
 
3.4.1.2 Diels-Alder Reactions of Cyclopentadiene with Methyl Vinyl Ketone in 
Phosphonium Ionic Liquids 
 
The Diels-Alder adducts have been exploited in polymer studies, where they were used as 
monomers to synthesise cycloolefin polymers with excellent adhesion and heat and 
moisture resistance and optical materials. In addition these polymers are used in polarisers 
and liquid crystal displays.244 Bioorganic applications include synthesis of pyrrolinone 
compounds which act as inhibitors of bacterial peptidyl tRNA hydrolase.245 
 
The endo-isomer 18 was used for the synthesis of (-)-preclavulone-A which was originally 
discovered in the Pacific coral Clavularia viridis, Atlantic coral Pseudoplexaura porosa and 
in many other species of coral which produce the clavulone family of prostanoids (Figure 
115).246  
 
 
Figure 115: Chemical structure of (-)-preclavulone-A. 
 
The Diels-Alder reaction of cyclopentadiene 1 with methyl vinyl ketone 8 (Figure 29) can 
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give two products endo-2-acetylbicylo[2.2.1]hept-5-ene 18 and exo-2-acetylbicylo[2.2.1] 
hept-5-ene 19. This reaction was studied in eight PILs: NopylPBu3OTs, NopylPOct3OTs, 
NopylPBu3I, NopylPOCt3I, NopylPBu3OMs, NopylPOct3OMs, NopylPBu3OEs, and 
NopylPOct3OEs (Table 47).  
 
O
+
O
O
+
 
   1           8                      18                19 
Figure 29: Diels-Alder reactions of cyclopentadiene 1 with methyl vinyl ketone 8. 
 
The 1H and 13C NMR spectra of the products were compared to the literature data.247 The 
isomer ratios were determined by integration of the olefinic protons at 5.85 ppm (endo 18) 
and 6.15 ppm (exo 19), as well as those of the methyl group, 2.13 ppm (endo 18) and 2.22 
ppm (exo 19). 
 
The Diels-Alder reaction in NopylPBu3OTs at 0 °C after 2 h resulted in a mixture (83:17) of 
endo-2-acetylbicylo[2.2.1]hept-5-ene 18 and exo-2-acetylbicylo[2.2.1]hept-5-ene 19 in 
41 % yield (entry 1, Table 47). The yield increased with longer reaction times (entry 2) and 
higher temperature (entry 3); the selectivity did not change significantly. Increasing the 
reaction temperature to 70 °C caused a dramatic change in selectivity (54:46, entry 7). This 
is as a result of the reaction being under thermodynamic control. 
 
Lower yield and selectivity was observed in the reaction in NopylPOct3OTs. The best yield 
was 96 % when the reaction was conducted at 40 °C for 2 h (entry 12), and the highest  
endo/exo ratio was at 84:16 at 20 °C for 20 h (entry 11). 
 
Comparison of the reactions of 1 and 8 in NopylPBu3I under the same reaction conditions, 
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showed that the yield and selectivity displayed interesting trends. The reaction conducted 
for 2 h at 0 °C give a yield of 60 % (entry 14) which is significantly higher than the same 
reaction conducted in NopylPBu3OTs. This suggests that the iodide is better that the 
tosylate anion. The same trend is observed in the reaction conducted in NopylPOct3I (entry 
20). The endo/exo ratios are unaffected. All the reactions conducted at 40 °C for 24 h 
resulted in about 10 % drop in yield.  
 
The results for the reactions of 1 and 8 carried out in NopylPOct3I were very similar, but 
slightly lower yields and selectivity than in NopylPBu3I were observed.  
 
In NopylPBu3OMs the results for the reactions of cyclopentadiene 1 and methyl vinyl 
ketone 8 carried out at 0 °C for 2 h and 24 h, gave 64 % and 90 % yield (entries 26, 27) 
with the same endo/exo ratio (84:16). Increasing the reaction temperature to 20 °C, 
resulted in yields rising to 94 % (entries 28, 29), with no change in selectivity. When the 
reaction was carried out at 40 °C, the yield increased to 99 % (entry 30), and the selectivity 
was 80:20. Extending the reaction time to 24 h resulted in significant decrease in yield as a 
result of the dimerisation of cyclopentadiene. This was confirmed by NMR spectroscopy. 
 
The results for the reactions of 1 and 8 carried out in NopylPOct3OMs, NopylPBu3OEs and 
NopylPOct3OEs were very similar, but slightly poorer than in NopylPBu3OMs. At 0 °C for 2 
h 58-62 % yields were observed, and after 24 h the yield increased significantly (88 %) with 
similar endo/exo ratio (84:16). Increasing the reaction temperature to 20 °C caused an 
increase in the yields, with no change in selectivity. When the reaction was carried out at 
40 °C, the yield increased to 89-98 %, but the endo/exo selectivity decreased to the lowest 
value (77:23) observed for the reactions of these substrates.  
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Entry 1:8 
[mmol] 
CPIL 
 
Time 
[h] 
T 
[°C] 
Yield 
[%] 
Ratio 
endo:exo 
18:19 
1 2.5:2.5 NopylPBu3OTs 2 0 41 83:17 
2 2.5:2.5 NopylPBu3OTs 24 0 78 83:17 
3 2.5:2.5 NopylPBu3OTs 2 20 85 82:18 
4 2.5:2.5 NopylPBu3OTs 24 20 92 83:17 
5 2.5:2.5 NopylPBu3OTs 2 40 98 80:20 
6 2.5:2.5 NopylPBu3OTs 24 40 91 81:19 
7 2.5:2.5 NopylPBu3OTs 24 70 89 54:46 
       
8 2.5:2.5 NopylPOct3OTs 2 0 31 80:20 
9 2.5:2.5 NopylPOct3OTs 24 0 70 83:17 
10 2.5:2.5 NopylPOct3OTs 2 20 83 82:18 
11 2.5:2.5 NopylPOct3OTs 24 20 90 84:16 
12 2.5:2.5 NopylPOct3OTs 2 40 96 83:17 
13 2.5:2.5 NopylPOct3OTs 24 40 89 80:20 
       
14 2.5:2.5 NopylPBu3I 2 0 60 82:18 
15 2.5:2.5 NopylPBu3I 24 0 82 85:15 
16 2.5:2.5 NopylPBu3I 2 20 90 83:17 
17 2.5:2.5 NopylPBu3I 24 20 91 84:16 
18 2.5:2.5 NopylPBu3I 2 40 99 81:19 
19 2.5:2.5 NopylPBu3I 24 40 89 83:17 
       
20 2.5:2.5 NopylPOct3I 2 0 57 84:16 
21 2.5:2.5 NopylPOct3I 24 0 76 84:16 
22 2.5:2.5 NopylPOct3I 2 20 88 83:17 
23 2.5:2.5 NopylPOct3I 24 20 90 84:16 
24 2.5:2.5 NopylPOct3I 2 40 98 82:18 
25 2.5:2.5 NopylPOct3I 24 40 87 82:18 
 
Table 47: Diels-Alder reactions of cyclopentadiene with methyl vinyl ketone in CPILs. 
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Entry 1:8 
[mmol] 
CPIL 
 
Time 
[h] 
T 
[°C] 
Yield 
[%] 
Ratio 
endo:exo 
18:19 
26 2.5:2.5 NopylPBu3OMs 2 0 64 84:16 
27 2.5:2.5 NopylPBu3OMs 24 0 90 84:16 
28 2.5:2.5 NopylPBu3OMs 2 20 94 82:18 
29 2.5:2.5 NopylPBu3OMs 24 20 91 84:16 
30 2.5:2.5 NopylPBu3OMs 2 40 99 80:20 
31 2.5:2.5 NopylPBu3OMs 24 40 87 79:21 
       
32 2.5:2.5 NopylPOct3OMs 2 0 61 84:16 
33 2.5:2.5 NopylPOct3OMs 24 0 88 84:16 
34 2.5:2.5 NopylPOct3OMs 2 20 91 83:17 
35 2.5:2.5 NopylPOct3OMs 24 20 89 83:17 
36 2.5:2.5 NopylPOct3OMs 2 40 98 80:20 
37 2.5:2.5 NopylPOct3OMs 24 40 89 82:18 
       
38 2.5:2.5 NopylPBu3OEs 2 0 62 84:16 
39 2.5:2.5 NopylPBu3OEs 24 0 88 83:17 
40 2.5:2.5 NopylPBu3OEs 2 20 90 83:17 
41 2.5:2.5 NopylPBu3OEs 24 20 91 83:17 
42 2.5:2.5 NopylPBu3OEs 2 40 98 79:21 
43 2.5:2.5 NopylPBu3OEs 24 40 88 77:23 
       
44 2.5:2.5 NopylPOct3OEs 2 0 58 83:17 
45 2.5:2.5 NopylPOct3OEs 24 0 87 83:17 
46 2.5:2.5 NopylPOct3OEs 2 20 91 82:18 
47 2.5:2.5 NopylPOct3OEs 24 20 88 81:19 
48 2.5:2.5 NopylPOct3OEs 2 40 98 78:22 
49 2.5:2.5 NopylPOct3OEs 24 40 90 77:23 
 
Table 47: Diels-Alder reactions of cyclopentadiene with methyl vinyl ketone in CPILs. 
 
Comparison of the reaction of methyl vinyl ketone 8 with methyl acrylate 1, demonstrated 
that methyl vinyl ketone was a better dienophile than the ester, methyl acrylate 7. The 
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yields for the Diels-Alder reactions of cyclopentadiene 1 with methyl vinyl ketone 8 in eight 
PILs were excellent. The reaction in NopylPBu3OMs for 2 h at room temperature reached 
near completion, but the yield of the corresponding reaction with methyl acrylate was only 
35 %.  
 
The solvent-free reaction of cyclopentadiene 1 and methyl vinyl ketone 8 gave an endo/exo 
ratio of 75:25.248 The selectivity in benzene at 80 °C was 83:17.249 Therefore improvements 
in endo/exo selectivity over uncatalysed reactions have been obtained with the PILs. The 
stereoselectivity observed at 0 °C was the best (85:15, entry 15) in NopylPBu3I. The 
selectivity changed very little when the reaction temperature was increased from 0 to 20 °C. 
The stereoselectivity in tributyl PILs is better than the corresponding trioctyl PILs with the 
same anion.  
 
When the reaction was conducted at high temperature 70 °C (entry 7), the effect on the 
selectivity was detrimental (54:46). This phenomenon is caused by the formation of 
dicyclopentadiene 143 via a Diels-Alder reaction. A significant amount of dicyclopentadiene 
was detected in the product mixture, which was confirmed by NMR spectroscopy. At this 
temperature the retro-Diels-Alder reaction of the products, including the dicyclopentadiene, 
can occur. This explains the lower yields observed. In the mean time, the thermodynamic 
exo-product is favoured at the higher reaction temperature, which can also affect the 
selectivity.  
 
The solid catalyst K-10 can enhance both the yield and selectivity, and the reaction in 
[hmim][BF4] at RT for 5 min gave excellent yield (96 %) with good endo/exo selectivity 
(94:6). In the absence of K-10, the yield was low (51 %) and selectivity dropped (78:22).119 
Under the same conditions, the reaction in the presence of K-10 and NopylPBu3OTs gave 
95 % yield with endo/exo ratio 95:5. It is notable that PBu3NopylOTs is more easily handled 
than [hmim][BF4] since it is not hygroscopic. In addition, it is more economical to synthesise 
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the PIL than [hmim][BF4]. 
 
3.4.1.3  Diels-Alder Reactions of Cyclopentadiene with Dimethyl Maleate in 
Phosphonium Ionic Liquids 
 
   1         10                      24                 25 
Figure 32: Diels-Alder reaction of cyclopentadiene 1 with dimethyl maleate 10. 
 
The Diels-Alder reactions of cyclopentadiene 1 with dimethyl maleate 10 (Figure 32) have 
been studied in the same eight PILs (Table 48). All the reactions of 1 and 10 in PILs were 
carried out with equimolar amounts of diene and dienophile. The 1H and 13C NMR spectra 
of the product dimethyl bicylo[2.2.1]-hept-5-ene-2,3-dicaboxylate corresponded with the 
literature data,238 and the isomer ratio was determined by integration of the olefinic protons 
at 6.23 ppm (endo, endo 24), 6.18 ppm (exo,exo 25), as well as those of the methoxy 
group, 3.58 ppm (endo,endo 24) and 3.62 ppm (exo,exo 25). 13C NMR spectroscopy was 
also used to indentify the two isomers: a signal at 172.9 ppm (endo,endo 24), 174.0 ppm 
(exo,exo 25); the methoxy group at 51.5 ppm (endo,endo 24) and 51.8 ppm (exo,exo 25). 
 
The Diels-Alder reactions of cyclopentadiene 1 with dimethyl maleate 10 in all eight PILs at 
0 °C for 2 h yielded no product, and only starting materials were detected. The reaction in 
NopylPBu3OTs, when the reaction time was extended to 24 h, gave a mixture (83:17) of 
endo,endo-dimethyl bicylo[2.2.1]-hept-5-ene-2,3-dicaboxylate 24 and exo,exo-dimethyl 
bicylo[2.2.1]-hept-5-ene-2,3-dicaboxylate 25 in 31 % yield (entry 2). Raising the reaction 
temperature to 20 °C, yielded 15 % product, with endo/exo ratio 83:17 after 2 h (entry 3).  
After 24 h at 20 °C, 60 % of an 82:18 product mixture was obtained (entry 3). In the cases 
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above, the endo/exo ratio did not change significantly. Increasing the reaction temperature 
to 70 °C improved the yield (68 %), with significant detriment to the selectivity (66:34, entry 
5). At this temperature the influence of thermodynamic control is evident. 
 
Similar results were obtained when the reactions were conducted in NopylPOct3OTs. There 
is very little effect on changing the alkyl groups on phosphorus.  
 
The highest yield and selectivity was observed when the reaction was carried out in 
NopylPBu3I. The reaction was carried out at 0 °C for 24 h yielded good selectivity (88:12) 
and 32 % yield (entry 11). Raising the reaction temperature to 20 °C produced a 17 % yield 
after 2 h (entry 12) with the endo/exo ratio dropping (83:17), and after 24 h, an improved 
yield (60 %) was observed with no effect on the selectivity (entry 13). These results 
suggest that the anion of the IL is not a spectator but actively involved in the reaction. One 
of the optimum anions for this reaction is the iodide.  
 
The results for the reactions of cyclopentadiene 1 and dimethyl maleate 10 carried out in 
NopylPOct3I were very similar, but slightly lower yields and selectivity than in NopylPBu3I 
were observed.  
 
In NopylPBu3OMs, NopylPOct3OMs, NopylPBu3OEs and NopylPOct3OEs, the best results 
were obtained in NopylPBu3OMs. NopylPOct3OEs gave the poorest results. Overall, the 
ideal solvents/catalysts for the reaction of cyclopentadiene and dimethyl maleate were 
NopylPBu3I and NopylPBu3OMs (entries 13, 20). 
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Entry 1:10 
[mmol] 
CPIL 
 
Time 
[h] 
T 
[°C] 
Yield 
[%] 
Ratio 
endo:exo 
24:25 
1 2.5:2.5 NopylPBu3OTs 2 0 0 - 
2 2.5:2.5 NopylPBu3OTs 24 0 31 83:17 
3 2.5:2.5 NopylPBu3OTs 2 20 15 83:17 
4 2.5:2.5 NopylPBu3OTs 24 20 60 82:18 
5 2.5:2.5 NopylPBu3OTs 24 70 68 66:34 
       
6 2.5:2.5 NopylPOct3OTs 2 0 0 - 
7 2.5:2.5 NopylPOct3OTs 24 0 29 78:22 
8 2.5:2.5 NopylPOct3OTs 2 20 18 81:19 
9 2.5:2.5 NopylPOct3OTs 24 20 59 79:21 
       
10 2.5:2.5 NopylPBu3I 2 0 0 - 
11 2.5:2.5 NopylPBu3I 24 0 32 88:12 
12 2.5:2.5 NopylPBu3I 2 20 17 83:17 
13 2.5:2.5 NopylPBu3I 24 20 60 83:17 
       
14 2.5:2.5 NopylPOct3I 2 0 0 - 
15 2.5:2.5 NopylPOct3I 24 0 29 84:16 
16 2.5:2.5 NopylPOct3I 2 20 16 82:18 
17 2.5:2.5 NopylPOct3I 24 20 59 82:18 
18 2.5:2.5 NopylPBu3OMs 24 0 27 78:22 
19 2.5:2.5 NopylPBu3OMs 2 20 15 82:18 
20 2.5:2.5 NopylPBu3OMs 24 20 56 85:15 
       
21 2.5:2.5 NopylPOct3OMs 24 0 26 78:22 
22 2.5:2.5 NopylPOct3OMs 2 20 15 80:20 
23 2.5:2.5 NopylPOct3OMs 24 20 56 81:19 
       
24 2.5:2.5 NopylPBu3OEs 24 0 28 83:17 
25 2.5:2.5 NopylPBu3OEs 2 20 19 75:25 
26 2.5:2.5 NopylPBu3OEs 24 20 53 80:20 
       
27 2.5:2.5 NopylPOct3OEs 24 0 25 80:20 
28 2.5:2.5 NopylPOct3OEs 2 20 14 82:18 
29 2.5:2.5 NopylPOct3OEs 24 20 54 76:24 
 
Table 48: Diels-Alder reactions of cyclopentadiene with dimethyl maleate in CPILs. 
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Comparison of the results obtained from the nopyl series of PILs with the simple PILs used 
by Ludley et al. shows that the simple PILs such as EtPBu3OTs gave a higher yield but the 
selectivity was lower.128 For example, the selectivity in NopylPBu3I was 88:12 (entry 11) 
compared to 77:23 in EtPBu3OTs at 20 °C for 24 h; even the average selectivity in nopyl 
PIL is around 82:18. The lactate imidazolium IL gave excellent yield (yields > 92 %, RT for 
24 h), but a poor selectivity around 77:23. The selectivity in [mim][Tf2N] was better (84:16, 
95 %).116 Without the use of Lewis acid, the selectivity was low when the reaction was 
conducted in [P6,6,6,14][NTf2] (72:28).115  
 
The reaction yields of cyclopentadiene and dimethyl maleate 10 was much lower than with 
the mono-ester methyl acrylate 7. The endo/exo ratios are better than the reaction of 
methyl acrylate. Again, the steric hindrance inhibits the Lewis-acid catalysis by the PIL but 
improves the selectivity.  
 
The Diels-Alder products have been applied in polymer and copolymer studies.250,251 The 
exo-product 25 can be hydrolysed to the diacid, which was studied as an inhibitor of protein 
phosphatase 2A (Figure 116).241  
 
 
Figure 116: Structure of exo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid. 
 
Figure 117: Synthetic route to squalene synthase inhibitor from endo-product 24. 
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The endo-product was used for synthesis of inhibitors of squalene synthase which 
catalyses the dimerization of farnenesyl pyrophosphate to squalene in the first step of the 
de novo cholesterol biosynthesis (Figure 117).252  
 
 
3.4.1.4 Diels-Alder Reactions of Cyclopentadiene with Acrylonitrile 
 
  1        9         20             21 
Figure 30: Diels-Alder reactions of cyclopentadiene 1 with acrylonitrile 9. 
 
The Diels-Alder reactions of cyclopentadiene 1 with acrylonitrile 9 (Figure 30) have been 
studied in eight PILs (Table 49). The reaction mixtures were analysed by 1H and 13C NMR 
spectroscopy and the data obtained was compared to the literature data, which matched 
the experimental data.126 The isomer ratio was determined by integration of the 
characteristic olefinic protons at 6.31 ppm (endo 20) and 6.01 ppm (exo 21). 
 
The Diels-Alder reaction of cyclopentadiene 1 with acrylonitrile 9 in NopylPBu3OTs at 20 °C 
gave a mixture (75:25) of endo-bicyclo[2.2.1]hept-5-ene-2-carbonitrile 20 and 
exo-bicyclo[2.2.1]hept-5-ene-2-carbonitrile 21 in 50 % yield (entry 1) after 2 h. Raising the 
reaction temperature to 40 °C and 70 °C improved the yields (71 % and 94% respectively). 
However the endo-selectivity began to decrease markedly from 78:22 (entry 2) to 67:33 
(entry 3). Similar results were obtained when the reaction was conducted in 
NopylPOct3OTs. Therefore, it was expected that the reactions conducted at higher 
temperature would begin to favour the exo-product and no further reactions were 
conducted at 70 °C in the different PILs. 
 
In NopylPBu3I, the reaction at 20 °C gave 54 % yield (entry 6) with 73:27 selectivity. The 
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reaction at 40 °C gave a considerably higher yield (75%) but the selectivity did not alter 
much (76:24). The results for the reactions carried out in NopylPOct3I were very similar, but 
slightly lower yields and selectivity than in NopylPBu3I were observed.  
 
Entry 1:9 
[mmol] 
CPIL 
 
Time 
[h] 
T 
[°C] 
Yield 
[%] 
Ratio 
20:21 
1 2.5:2.5 NopylPBu3OTs 2 20 50 75:25 
2 2.5:2.5 NopylPBu3OTs 24 40 71 78:22 
3 2.5:2.5 NopylPBu3OTs 24 70 94 67:33 
4 2.5:2.5 NopylPOct3OTs 2 20 48 74:26 
5 2.5:2.5 NopylPOct3OTs 24 40 71 72:28 
       
6 2.5:2.5 NopylPBu3I 2 20 54 73:27 
7 2.5:2.5 NopylPBu3I 24 40 75 76:24 
8 2.5:2.5 NopylPOct3I 2 20 54 73:27 
9 2.5:2.5 NopylPOct3I 24 40 72 69:31 
       
10 2.5:2.5 NopylPBu3OMs 2 20 59 79:21 
11 2.5:2.5 NopylPBu3OMs 2 40 72 76:24 
12 2.5:2.5 NopylPOct3OMs 2 20 57 78:22 
13 2.5:2.5 NopylPOct3OMs 2 40 70 72:28 
       
14 2.5:2.5 NopylPBu3OEs 2 20 45 78:22 
15 2.5:2.5 NopylPBu3OEs 2 40 82 71:29 
16 2.5:2.5 NopylPOct3OEs 2 20 56 78:22 
17 2.5:2.5 NopylPOct3OEs 2 40 68 68:32 
 
Table 49: Diels-Alder reactions of cyclopentadiene with acrylonitrile CPILs. 
 
The results of the reactions conducted in NopylPBu3OMs and NopylPOct3OMs at 20 °C 
were better than in other PILs, the yields were 57-59 % with endo/exo ratio (79:21). 
Increasing the reaction temperature to 40 °C, was accompanied by an increased in the 
yield (72 %, entry 11).  
In NopylPBu3OEs at 20 °C, a lower yield (45 %, entry 14) with endo/exo ratio (78:22) was 
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observed. Increasing the reaction temperature to 40 °C, increased the yield to 82 % (entry 
15), with lower endo/exo selectivity (71:29). The results obtained in NopylPOct3OEs were 
comparable to the results achieved in NopylPOct3OMs. 
 
Under similar reaction conditions, the yield in NopylPBu3OMs (59 %, (entry 10) was the 
best and superior to the neat reaction and reactions in imidazolium ILs. The selectivities in 
the PILs are also better (79:21, entry 10) than in [HMI][BF4] (66:34)125 or in [bmim][Tf2N] 
(65:35).126 
 
The CN group in acrylonitrile is smaller than the methoxy group in methyl acrylate. The 
combination of steric hindrance and stereo electronic effects suggest that at RT the order 
of reactivity in the PILs is methyl vinyl ketone > acrylonitrile > methyl acrylate. Therefore for 
the reactions of acrylonitrile conducted at RT, the yields isolated were in between that of 
methyl acrylate and methyl vinyl ketone. However, when the reaction temperature was 
raised to 40 °C, the sequence in the yields changed: methyl vinyl ketone > methyl 
acrylate > acrylonitrile > dimethyl maleate. Higher reaction temperature speeded up the 
molecular motion and rotation and this reduced the affect of steric hindrance. The affinity 
between phosphorous and oxygen/nitrogen on dienophiles played an important role in 
determining rates of reactions.  The yields for acrylonitrile were lower compared with 
methyl acrylate at 40 °C, because phosphorous-nitrogen affinity is much weaker than the 
phosphorous-oxygen affinity.114 Therefore, the PIL acts as a Lewis acid catalyst and great 
improvement in selectivity was observed in this reaction.  
 
Bicyclo[2.2.1]hept-5-ene-2-carbonitrile is extensively used as a monomer in 
copolymerisations, for example, as new copolymers of norbornene derivatives (Figure 
118).253  
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Figure 118: Chemical structure of copolymer. 
 
The 1:1 endo/exo product mixture was used as a starting material to synthesise xanthine 
CVT-124, which is a potent and selective adenosine A1 receptor antagonist (Figure 119).254  
N NH
N
O
O
O
nPr
nPr  
Figure 119: Chemical structure of inhibitor chiral xanthine CVT-124. 
 
 
3.4.2 Diels-Alder reactions of Isoprene 
3.4.2.1 Diels-Alder reactions of Isoprene with Methyl Acrylate 
 
 
   2      7        26           27 
Figure 33: Diels-Alder reaction of isoprene 2 with methyl acrylate 7. 
 
The Diels-Alder reaction of isoprene 2 with methyl acrylate 7 (Figure 33) was carried in 
seven different PILs. Most of the reactions were carried out with equimolar quantities of 
diene and dienophile, except entries 7-9 where excess methyl acrylate was used (Table 
50). The two regioisomers were 4-methyl-1-carbomethoxy-3-cyclohexene 26 and 
3-methyl-1-carbomethoxy-3-cyclohexene 27. The ratio of the two products was determined 
by integrating the 1H NMR signal of the respective olefinic protons at 5.38 ppm (para 26) 
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and 5.48 ppm (meta 27).  
 
Entry Diene:Dineophile
2:7  
[mmol] 
CPIL 
 
Time
[h] 
T 
[°C] 
Yield 
[%] 
Ratio 
para:meta 
26:27 
1 2.5:2.5 NopylPBu3Br 2 25 0 - 
2 2.5:2.5 NopylPOct3Br 2 25 0 - 
3 2.5:2.5 NopylPBu3PF6 2 25 0 - 
4 2.5:2.5 NopylPOct3PF6 2 25 0 - 
5 2.5:2.5 NopylPBu3PF6 24 25 1 - 
6 2.5:2.5 NopylPOct3PF6 24 25 0 - 
7 2.5:2.5 NopylPBu3Br 24 25 4 - 
8 2.5:2.5 NopylPOct3Br 24 25 5 - 
9 2.5:2.5 PBu4Proline 24 25 9 - 
10 2.5:2.5 NopylPBu3OTs 24 70 44 >99:1 
11 2.5:3.75 NopylPBu3OTs 24 70 57 >99:1 
12 2.5:2.5 NopylPBu3I 24 70 49 >99:1 
13 2.5:3.75 NopylPBu3I 24 70 62 >99:1 
 
Table 50: Diels-Alder reactions of isoprene with methyl acrylate in CPILs. 
 
At room temperature and after 2 h no product was detected, and extending the time to 24 h 
gave very poor yields (1 %) in NopylPBu3PF6 and NopylPOct3PF6 (entry 5, 6). The 
reactions in NopylPBu3Br and NopylPOct3Br (entries 7, 8) also gave very low yields 
(4-5 %). At 25 °C, the yield was 9 % (entry 9) in PBu4Proline with >99 % selectivity for the 
para-isomer, 4-methyl-1-carbomethoxy-3-cyclohexene 26. The uncatalysed reaction did 
not yield any product at RT (Table 6 in Introduction).129 Raising the reaction temperature to 
70 °C, improved the yields, with the best yield being obtained in NopylPBu3I (62 %) using 
an excess of diene (entry 13). All the results displayed in Table 50 are superior to those 
reported in the literature. 
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3.4.2.2 Diels-Alder reactions of isoprene with other dienophiles 
 
Since very low poor yields were obtained at low temperature it was decided that the 
Diels-Alder reactions of isoprene with other dienophiles (methyl vinyl ketone, dimethyl 
maleate, acrylonitrile and acrolein) would be conducted at 70 °C for 24 h in two PILs 
(NopylPBu3OTs and NopylPBu3I) (Table 51). The reactions of isoprene with methyl vinyl 
ketone in NopylPBu3OTs yielded 4-acetyl-1-methylcyclohexene in 61 % yield (entry 1), and 
NopylPBu3I gave a lower yield (43 %, entry 2).  
 
Two by-products were formed from methyl vinyl ketone, 4-hydroxybutan-2-one 125 and 
4,4'-oxydibutan-2-one 126. The structures of these products were confirmed by 1H and 13C 
NMR spectroscopy. These compounds arise from the conjugate addition (hetero-Michael 
reaction) of water with methyl vinyl ketone to give 125, which itself can act as a Michael 
donor to give 126 (Figure 120). The reagents were stored in the refridgerator where 
moisture could have entered the containers. 
 
                   125       126 
Figure 120: Formation of 4,4'-oxydibutan-2-one 125 and 4-hydroxybutan-2-one 126. 
 
The reaction of isoprene with dimethyl maleate 10 in NopylPBu3OTs yielded only dimethyl 
4-methylcyclohex-4-ene-1,2-dicarboxylate 34 in 25 % yield (entry 3), and a higher yield 
(57 %, entry 4) was obtained in NopylPBu3I. The anion influenced the reaction to a great 
extent. Smaller anions enhanced the reaction rate, leading to the higher yields.  
 
The reaction of isoprene 2 with acrylonitrile 9 in NopylPBu3OTs yielded a 77:23 ratio of 
5-cyano-1-methyl-cyclohexene 30, which has a distinct signal in the 1H NMR spectrum at 
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5.35 ppm corresponding to the olefinic protons and 4-cyano-1-methyl-cyclohexene 31 was 
also formed (entry 5); its olefinic protons appear at 5.45 ppm in the 1H NMR spectrum. A 
similar yield of products was obtained in NopylPBu3I (entry 6) with a para/meta ratio of 
78:22. No improvement in yield or regioselectivity was observed when the reaction 
conditions were varied.  
 
Entry Diene:Dineophile 
[mmol] 
PIL 
 
Dienophiles Time 
[h] 
T 
[°C] 
Yield 
[%] 
Ratio 
para:meta
1 2.5:2.5 NopylPBu3OTs MVK 24 70 61 99:1 
2 2.5:2.5 NopylPBu3I MVK 24 70 63 99:1 
3 2.5:2.5 NopylPBu3OTs DMM 24 70 25 - 
4 2.5:2.5 NopylPBu3I DMM 24 70 27 - 
5 2.5:2.5 NopylPBu3OTs Acrylonitrile 24 70 31 77:23 
6 2.5:2.5 NopylPBu3I Acrylonitrile 24 70 37 78:22 
7 2.5:2.5 NopylPBu3OTs Acrolein 24 70 0 - 
8 2.5:2.5 NopylPBu3I Acrolein 24 70 0 - 
 
Table 51: Diels-Alder reactions of isoprene with dienophiles in CPILs. 
 
 
The reactions of isoprene 3 with acrolein 14 in NopylPBu3OTs and NopylPBu3I were not 
successful. This was because the reaction temperature was too high which led to the 
polymerisation of acrolein. 
 
 
3.4.3 Diels-Alder reactions of 2,3-dimethylbuta-1,3-diene  
   3          35      36        37     38 
 
Figure 121: Diels-Alder reaction of 2,3-dimethylbuta-1,3-diene with dienophiles in CPILs. 
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Entry Diene:Dineophile 
[mmol] 
CPIL 
 
Dienophile Time 
[h] 
T 
[°C] 
Yield
[%] 
1 2.5:2.5 NopylPBu3OTs MA 24 70 37 
2 2.5:2.5 NopylPBu3OTs MVK 24 70 77 
3 2.5:2.5 NopylPBu3I DMM 24 70 25 
4 2.5:2.5 NopylPBu3I Acrylonitrile 24 70 30 
 
Table 52: Diels-Alder reactions of 2,3-dimethylbuta-1,3-diene with dienophiles in CPILs. 
 
In NopylPBu3OTs, the reaction of 2,3-dimethylbuta-1,3-diene with methyl acrylate yielded 
methyl 3,4-dimethylcyclohex-3-enecarboxylate 35 (37 %), and the reaction with methyl 
vinyl ketone gave 1-(3,4-dimethylcyclohex-3-enyl)ethanone 36 in 77 % yield. In NopylPBu3I, 
the reaction of 2,3-dimethylbuta-1,3-diene with dimethyl maleate afforded 25 % dimethyl 
4,5-dimethylcyclohex-4-ene-1,2-dicarboxylate 37, and the reaction with acrylonitrile  
yielded 3,4-dimethylcyclohex-3-enecarbonitrile 38 (30 %). The additional methyl group on 
2,3-dimethylbuta-1,3-diene 3 instead of hydrogen increased the steric hindrance in 
comparison to isoprene 2. This resulted in the lower reactivity of 3 with different dienophiles. 
Lower yields were observed, and the sequence in yields was the same as for isoprene: 
methyl vinyl ketone > methyl acrylate > acrylonitrile > dimethyl maleate. 
 
 
3.4.4 Diels-Alder reactions of furan  
 
Furan 4, pyrrole 5 and N-methylpyrrole 6, have been extensively studied as donors in the 
1,4-addition reactions (Michael reactions) with α,β-unsaturated carbonyl compounds. In 
the Diels-Alder reaction they react most readily with electron dificient dienophiles such as 
enol ethers and enamines.255 Furan as an aromatic diene is less reactive than 
cyclopentadiene, but it is more reactive than pyrrole.256,257 The Diels-Alder reactions of 
furan with electron deficient dienophiles (methyl acrylate, methyl vinyl ketone, 
dimethylacetylene dicarboxylate, acrylonitrile) were conducted at 70 °C for 24 h. 
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NopylPBu3OTs was selected as the solvent/catalyst because superior results were 
previously observed in this IL (Table 53). None of the desired products were detected in the 
reaction of furan with methyl acrylate, only starting materials were detected in the 1H NMR 
spectrum. The reaction of furan with methyl vinyl ketone could give four by-products via the 
Michael reaction160 beside the desired product. This depends on the reaction conditions. 
However, for the reaction conducted in NopylPBu3OTs, only the bis-adduct 
4,4'-(furan-2,5-diyl)dibutan-2-one 128 was discovered at 70 °C (44 %, entry 4) (Figure 
122).  
 
            128              127 
Figure 122: Michael addition of furan and MVK. 
 
The reaction of furan 4 and DMAD can give two double-adduct products.160 At 70 °C for  
24 h, the reaction yielded 88 % of 7-oxa-biclo[2,2,1]hepta-2,5-diene-2,3-dicarboxylic acid 
dimethyl ester 45 (entry 5), endo-product 47 and exo-product 46 can be formed potentially 
in Figure 123.  
 
Figure 123: The reaction of furan and DMAD. 
 
The reaction of furan 4 and maleic anhydride 12 in NopylPBu3OTs yielded 50 % of 
4-acetyl-1-methylcyclohexene 48, which was identified by the characteristic chemical shift 
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at 5.41 ppm in the 1H NMR spectrum (entry 6). A lower yield was obtained in NopylPBu3I 
(43 %, entry 2).  
 
Entry Diene:Dineophile 
[mmol] 
PIL 
 
dienophile Time 
[h] 
T 
[°C] 
Yield
[%] 
Ratio 
endo:exo
1 2.5:2.5 NopylPBu3OTs MA 24 25 X  
2 2.5:2.5 NopylPBu3OTs MA 24 25 X  
3 2.5:2.5 NopylPBu3OTs MA 24 70 x  
4 2.5:2.5 NopylPBu3OTs MVK 24 70 x  
5 2.5:2.5 NopylPBu3OTs DMAD 24 70 88 93:7 
6 2.5:2.5 NopylPBu3OTs Maleic 
anhydride 
24 70 50 100:0 
7 2.5:2.5 NopylPBu3OTs Maleimide 24 70 76 0:100 
8 2.5:2.5 NopylPBu3PF6 Maleimide 24 70 77 0:100 
9 2.5:2.5 NopylPOct3I Maleimide 24 70 65 0:100 
10 2.5:2.5 NopylPBu3Br Maleimide 24 70 22 22:78 
11 2.5:2.5 NopylPOct3Br Maleimide 24 70 70 20:80 
 
Table 53: Diels-Alder reactions of furan with dienophiles in CPILs. 
 
 
  4         12      48     49 
Figure 45: Diels-Alder reaction of furan 4 with maleic anhydride 12. 
 
Excellent selectivities of the Diels-Alder adducts of furan 4 and maleimide 13 were 
observed at 70 °C for 24 h in five different PILs. Similar yields were obtained in 
NopylPBu3OTs and NopylPBu3PF6. The yield was lower in NopylPOct3I (65 %, entry 9) 
which may be due to the bulky octyl groups. Only the exo-isomer 51 was detected in these 
three PILs. Poor selectivity was found in NopylPBu3Br (22:78, entry 10) and in 
NopylPOct3Br (20:80, entry 11) due to the impurity of the bromide PILs. These impurities 
were the oxides Oct3PO and Bu3PO respectively. The effect of the oxide needs further 
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study since the selectivity can be tuned. The 1H NMR spectrum of 50 and 51 were simple 
and contained 4 peaks; the endo-isomer 50 at 2.89 ppm, exo-isomer 51 at 3.48 ppm 
corresponding to H-1 and H-2.  
 
 4    13      50     51 
Figure 46: Diels-Alder reaction of furan 4 with maleimide 13. 
 
Entry Diene:Dineophile 
[mmol] 
CPIL 
 
Catalyst, [g] Time 
[h] 
T 
[°C] 
Yield
[%] 
Ratio 
endo:exo
50:51 
1 3:3 NopylPOct3OTs 0 24 70 80 22:78 
2 6:3 NopylPOct3OTs 0 24 70 78 21:79 
3 3:3 NopylPOct3OTs SiO2, 0.25 24 70 64 50:50 
4 3:3 NopylPOct3OTs Al2O3, 0.25 24 70 33 40:60 
5 3:3 NopylPOct3OTs K-10, 0.25 24 70 85 21:79 
 
Table 54: Diels-Alder reactions of furan with maleimide in CPILs. 
 
The selectivity in NopylPOct3OTs was not as good as in PBut3NopylOTs under the same 
reaction conditions. The reaction in the absence of catalyst afforded around 80 % yield with 
endo/exo ratio 22:78 (entry 1). Excess furan did not improve the yield or selectivity (entry 
2).  
 
Since improvement in the Diels-Alder reaction was observed in previous reactions where 
the solid catalysts SiO2, Al2O3 and K-10 were added, the effect of these catalysts were 
studied with these reactants (furan and maleimide). NopylPOct3OTs was selected as the 
solvent since good results were observed with this PIL. A significant change in selectivity 
was observed with 0.25 g SiO2 (entry 3), the endo/exo ratio changed from 22:78 to 50:50, 
and the yield was slightly lower (64 %). With Al2O3, the yield of this reaction was very poor 
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(33 %, entry 4), and the selectivity (40:60) was not as good as with SiO2. Enhancement of 
the yield was found with the clay K-10 (85 %, entry 5), but no improvement in selectivity 
was observed, the 21:79 ratio is the same as in the reaction without catalyst (entry 2). 
 
Entry Diene:Dineophile
[mmol] 
CPIL 
 
Dienophile Time 
[h] 
T 
[°C]
Yield 
[%] 
1 2.5:2.5 PBu4Proline MA 24 70 x 
2 2.5:2.5 PBu4Proline MVK 24 70 x 
3 2.5:2.5 PBu4Proline DMAD 24 70 x 
4 2.5:2.5 PBu4Proline Maleic 
anhydride 
24 70 x 
5 2.5:2.5 PBu4Proline Maleimide 24 70 x 
 
Table 55: Diels-Alder reactions of furan with dienophiles in CPILs. 
 
The Diels-Alder reactions of furan with the five dienophiles in PBu4Proline were not 
successful, because the PBu4Proline reacted with the starting material dienophiles and 
formed brown intractable solids which did not contain the required products. The 
secondary amino group in proline can act as a Michael donor but the products could not be 
isolated. 
 
 
3.4.5 Diels-Alder reactions of pyrrole  
 
The reaction of pyrrole and methyl acrylate was not successful and only the starting 
materials were identified after 24 h. The reaction of pyrrole and methyl vinyl ketone can 
form five by-products (Figure 124) through the Michael reaction. When the experiment was 
conducted at 70 °C in PBu3NopylOTs, none of the desired Diels-Alder products formed. 1H 
NMR analysis confirmed that 4,4'-(1H-pyrrole-2,5-diyl)dibutan-2-one 131 (49 %) had been 
produced. 
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Figure 124: Michael reaction of pyrrole and methyl vinyl ketone. 
 
The reaction of pyrrole with acceptors is known to produce five compounds. The 
mechanism for the formation of the products of the reaction of pyrrole with methyl vinyl 
ketone is shown in Figure 125. The 1H NMR spectra showed three broad singlets at 8.40, 
8.58 and 8.88 ppm, which were attributed to the N-H group of pyrrole, the single addition 
product 130 and the double addition product 131.  
 
            131            130   
Figure 125: Michael reaction of pyrrole and methyl vinyl ketone. 
 
The reaction of pyrrole and DMAD is very complex, and it can form many by-products 
(Figure 126).192 The Michael addition at position 2 results in the formation of adducts 
dimethyl 2-pyrrolyl-2-butenedioates as the Z and E isomers (62 and 61); attack by the 
nitrogen atom gave dimethyl 2-(1H-pyrrol-1-yl)maleate 61 and dimethyl 2-(1H-pyrrol-2-yl) 
fumarate 62. The initial 1:1 Diels-Alder adduct 63 was unstable and reacted further with 
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DMAD to form a 1:2 potential adduct 64. The reactions of pyrrole with maleic anhydride 
and maleimide were not successful to yield the desired Diels-Alder adducts. 
 
 
Figure 126: Reactions of pyrrole and DMAD. 
 
Entry Diene:Dineophile 
[mmol] 
CPIL 
 
Dienophile Time 
[h] 
T 
[°C] 
D-A reaction 
Yield [%] 
1 3:3 NopylPBu3OTs MA 24 70 x 
2 3:3 NopylPBu3OTs MVK 24 70 x 
3 3:3 NopylPBu3OTs DMAD 24 70 x 
4 3:3 NopylPBu3OTs Maleic 
anhydride 
24 70 x 
5 3:3 NopylPBu3OTs Maleimide 24 70 x 
 
Table 56: Diels-Alder reactions of pyrrole with dienophiles in PILs. 
 
 
3.4.6 Diels-Alder reactions of N-methylpyrrole  
 
Similarly to pyrrole, the reaction of N-methylpyrrole with methyl acrylate was unsuccessful. 
The Michael reaction was dominant again and the major product was the double addition 
adduct 132, which was obtained in 83 % yield. None of the single addition product was 
detected in the 1H NMR spectra. 
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                  132 
Figure 127: Michal addition of N-methylpyrrole with methyl vinyl ketone. 
 
Entry Diene:Dineophile
[mmol] 
CPIL 
 
Dienophile Time 
[h] 
T 
[°C]
Yield
[%] 
1 3:3 NopylPBu3OTs MA 24 70 x 
2 3:3 NopylPBu3OTs MVK 24 70 x 
3 3:3 NopylPBu3OTs DMAD 24 70 x 
4 3:3 NopylPBu3OTs Maleic 
anhydride 
24 70 3 
5 3:3 NopylPBu3OTs Maleimide 24 70 15 
 
Table 57: Diels-Alder reactions of N-methylpyrrole with dienophiles in CPILs. 
 
 
Figure 128: Reaction of pyrrole and DMAD. 
 
The reaction of N-methylpyrrole with DMAD can give the potential products dimethyl 
2-(1-methyl-1H-pyrrol-2-yl) maleate 133 and dimethyl 2-(1-methyl-1H-pyrrol-2-yl)fumarate 
134. The Diels-Alder adduct was unstable and reacted further with DMAD to form product 
135 in excellent yield (96 %). The yields were determined by NMR spectroscopy. The 
reaction of N-methylpyrrole with maleic anhydride gave the expected product 71 in very 
low yield, and can give the potential by-product 3-(1-methyl-1H-pyrrol- 
2-yl)dihydrofuran-2,5-dione 72.  
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Figure 129: Reaction of N-methylpyrrole and maleic anhydride. 
 
 
The reaction of N-methylpyrrole with maleimide afforded the desired endo-product 141   
(15 %). 
  
The reactions conducted illustrated the phenomenon of task-specific nature of the PILs:  
• For the Diels-Alder reaction of cyclopentadiene with methyl acrylate, the best yield 
(92 %) and endo-selectivity (85:15) was obtained in NopylPBu3I. For the same 
reaction in the presence of the catalyst SiO2, NopylPOct3I gave the higher yield 
compared with the other nopyl PILs.  
• NopylPBu3I and NopylPBu3OMs were the best solvents for the reaction of 
cyclopentadiene with methyl vinyl ketone (99 %). 
• Diels-Alder reactions of cyclopentadiene with dimethyl maleate gave the greatest 
yield in NopylPOct3I and best endo-selectivity was observed in NopylPBu3OMs. 
• NopylPBu3OEs was the best solvent in terms of yield and NopylPBu3OMs afforded 
the highest selectivity for the reaction of cyclopentadiene with acrylonitrile. 
• NopylPBu3I is the better compared to NopylPBu3OTs for the reaction of isoprene 
with methyl vinyl ketone/dimethyl maleate/acrylonitrile. 
• For the reaction of furan with maleimide, NopylPBu3PF6 gave the highest yield   
(78 %). 
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3.5  Sonochemical Experiments 
 
Sonochemical cycloadditions in imidazolium-based ILs have been previously studied.126 
Improved reaction yields were observed, but the stereoselectivites did not change 
significantly (Tables 3-6). Sonochemical cycloaddition of cyclopentadiene 1 and methyl 
acrylate 7 in PILs were studied in order to see whether the phosphonium cation behaved 
differently from the ammonium cation. Again MePi-Bu3OTs was initially selected for study 
since it was available in large quantities. MePi-Bu3OTs and is more viscous and denser 
than other common solvents. Cavitation was more difficult to produce under such 
conditions due to their large cohesive forces, and they barely formed the collapsing 
bubbles during the course of the reactions. PILs represent suitable media to explore 
cavitational effects devoid of solvent interferences. The silent reaction of equilmolar 1 and 
7 yielded 36 % product, with endo/exo ratio 77:23 (entry 1), whereas the reaction under 
ultrasound yielded 81 % with similar selectivity 76:24 (entry 6). The reaction with excess of 
diene 1, improved the yield of the silent reaction to 43 % (entry 2), whereas the 
corresponding ultrasound reaction gave excellent yield (92 %) with slightly lower selectivity 
72:28 (entry 5). 
 
Entry 1:7 
[mmol] 
PIL 
 
Time 
[h] 
PIL, g Yield 
[%] 
Ratio 
endo:exo 
16:17 
Condition 
1 2:2 MePi-Bu3OTs 2 1 36 77:23 Silent 
2 3:2 MePi-Bu3OTs 2 1 43 75:25 Silent 
        
3 3:2 MePi-Bu3OTs 0.5 1 40 74:26 Ultrasound 
4 3:2 MePi-Bu3OTs 1 1 74 75:25 Ultrasound 
5 3:2 MePi-Bu3OTs 2 1 92 72:28 Ultrasound 
6 2:2 MePi-Bu3OTs 2 1 81 76:24 Ultrasound 
 
Table 58: Diels-Alder reactions of cyclopentadiene 1 with methyl acrylate 7 in 
MePi-Bu3OTs under ultrasonic sound. 
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Since the effect of the PIL was significant, the experiment was then conducted in 
NopylPBu3OTs. Different amounts of PILs were also tested; these results are listed in Table 
59. When the reaction was performed under ultrasound for 1 h in 0.1 g MePi-Bu3OTs, 80 % 
yield was obtained with endo/exo ratio 76:24 (entry 1). Increasing the MePi-Bu3OTs  to 
0.25 g, improved the yield (83 %) with same selectivity (entry 2). The yield then decreased 
to 79 % when increasing the amount of MePi-Bu3OTs to 0.5 g; the selectivity improved 
(entry 3). A similar result was observed in NopylPBu3OTs under the same conditions. 
Increasing the amount of NopylPBu3OTs increases the selectivity, but not the yield. The 
greatest yield was 78 % with endo/exo ratio 77:23 (entry 5). 
 
Entry 1:7 
[mmol] 
PIL 
 
Time 
[h] 
PIL 
[g] 
Yield 
[%] 
Ratio 
endo:exo 
16:17 
1 3:2 MePi-Bu3OTs 1 0.10 80 76:24 
2 3:2 MePi-Bu3OTs 1 0.25 83 76:24 
3 3:2 MePi-Bu3OTs 1 0.50 79 77:23 
4 3:2 NopylPBu3OTs 1 0.10 77 74:26 
5 3:2 NopylPBu3OTs 1 0.25 78 77:23 
6 3:2 NopylPBu3OTs 1 0.50 75 78:22 
 
Table 59: Diels-Alder reactions of cyclopentadiene 1 with methyl acrylate 7 in 
MePi-Bu3OTs and NopylPBu3OTs under ultrasonic sound. 
 
The Diels-Alder reaction of cyclopentadiene 1 and methyl acrylate 7 can be efficiently 
activated by ultrasound using PILs as reaction media. The particular properties of these 
PILs, especially their extremely low vapor pressure combined with their greater viscosity 
and heat capacity, constitute emerging media where cavitational effects should be tested. It 
is expected that ultrasound improved the process of higher yields or shorter reaction times 
when compared with the corresponding silent reactions, but the selectectivities remain 
practically unaffected by sonication. In comparison, the result in [BMI][NTf2] was inferior (1 
h, 21 %, 81:19) but the selectivity was higher.  
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3.6  Microwave-Assisted Diels-Alder Reactions 
 
Microwave-assisted Diels-Alder reactions have been performed in PILs with and without 
the heterogeneous catalysts.119 The high polarity of PILs allows them to interact well with 
microwaves through the ionic conduction mechanism, and they are heated rapidly at rates 
exceeding 20 °C /s without any significant pressure build-up.258,259 PBu3NopylOTs (1 ml) 
under microwave radiation (1000 MHz) for 28 s can reach 300 °C. Most of the nopol 
derived PILs were thermally stable until 330 °C; the temperatures for the reactions were 
below this limit which was achieved by controlling the microwave irradiation. 
 
To find the optimum volume of PILs for the reaction of cyclopentadiene 1 and methyl 
acrylate 7, different volumes of MePi-Bu3OTs and NopylPBu3OTs were heated under 
microwave radiation for 10 s (Table 60). The solvent free reaction of 1 and 7 (entry 1) with 
10 s microwave radiation yielded 7 % of the adducts with endo/exo ratio (72:28). The 
reaction yield was similar (8 %) but with higher selectivity (77:23) when 0.5 ml (0.65 mmol) 
MePi-Bu3OTs was added (entry 2). Increasing the volume of MePi-Bu3OTs to 1 ml afforded 
higher yield (29 %, entry 3) with no change in selectivity. The highest yield was 45 % when 
1.5 ml MePi-Bu3OTs was involved in the reaction, but the endo-selectivity ratio dropped 
slightly (74:26). Increasing the volume of MePi-Bu3OTs to 2 ml (entry 5) did not improve the 
yield (13 %) but gave the best selectivity (81:19).  
 
The reaction of 1 and 7 under microwave radiation in 0.5 ml (0.43 mmol) NopylPBu3OTs 
(entry 6) gave marginally better yield (9 %) and selectivity (81:19) than in 0.5 ml 
MePi-Bu3OTs. Increasing the volume of PBu3NopylOTs to 1 ml yielded 28 % with higher 
endo/exo ratio (83:17). A similar trend was observed as for MePi-Bu3OTs; a satisfactory 
yield (49 %) with poorer selectivity (73:17) was observed in 1.5 ml NopylPBu3OTs.  
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In conclusion, when the amount of PILs was increased, the selectivity was enhanced: 3 
mmol cyclopentadiene and 2 mmol methyl acrylate in 1.5 ml PILs react most efficiently 
under microwave conditions to reach higher temperatures which lead to higher yields. The 
thermally more stable exo-product is favoured when reaction temperatures are high. The 
thermally less stable endo- product decomposes via a retro-Diels-Alder reaction.  
   
Entry 1:7 
[mmol] 
PIL 
 
Time 
[s] 
PIL 
[ml] 
Yield 
[%] 
Ratio 
endo:exo 
16:17 
1 3:2  10 0 7 72:28 
2 3:2 MePi-Bu3OTs 10 0.5 8 77:23 
3 3:2 MePi-Bu3OTs 10 1 29 77:23 
4 3:2 MePi-Bu3OTs 10 1.5 45 74:26 
5 3:2 MePi-Bu3OTs 10 2 13 81:19 
6 3:2 NopylPBu3OTs 10 0.5 9 81:19 
7 3:2 NopylPBu3OTs 10 1 28 83:17 
8 3:2 NopylPBu3OTs 10 1.5 49 73:27 
 
Table 60: Diels-Alder reactions of cyclopentadiene 1 with methyl acrylate 7 in 
MePi-Bu3OTs and NopylPBu3OTs under microwave for 10 s. 
 
The Diels-Alder reactions of cyclopentadiene 1 and methyl acrylate 7 in seven PILs under 
the same reaction conditions was studied (Table 61). The reaction conducted in 1.5 ml 
MePi-Bu3OTs, afforded similar yield (48%) and the selectivity. The best yield was the 
reaction in NopylPBu3I (56 %, entry 2) with endo/exo ratio (76:24). The second best yield 
was the reaction in NopylPOct3I (49 %, entry 3) with a slightly higher selectivity (80:20). 
NopylPBu3OTs gave a similar result as NopylPOct3I (47 %, entry 4) with similar endo/exo 
ratio (81:19). Lower yields and selectivities were observed in NopylPBu3OEs, 
NopylPOct3OEs, NopylPBu3OMs (entries 5-7).  
 
The different viscosities and thermal properties of PILs lead to different reaction 
temperatures, which result in the different yields and selectivies.  
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Entry 1:7 
[mmol] 
PIL 
 
Time 
[s] 
PIL 
[ml] 
Yield 
[%] 
Ratio 
endo:exo 
16:17 
1 3:2 MePi-Bu3OTs 10 1.5 48 75:25 
2 3:2 NopylPBu3I 10 1.5 56 76:24 
3 3:2 NopylPOct3I 10 1.5 49 80:20 
4 3:2 NopylPBu3OTs 10 1.5 47 81:19 
5 3:2 NopylPBu3OEs 10 1.5 39 79:21 
6 3:2 NopylPOct3OEs 10 1.5 31 75:25 
7 3:2 NopylPBu3OMs 10 1.5 34 74:26 
 
Table 61: Diels-Alder reactions of cyclopentadiene 1 with methyl acrylate 7 in PILs under 
microwave for 10 s. 
 
As discussed in Section 3.4.1, a good endo selectivity was observed for the Diels-Alder 
reactions of cyclopentadiene and methyl acrylate carried out in nopyl PILs in the presence 
of some heterogeneous catalysts. It was worthwhile to investigate whether the microwave 
activation in the PILs improved on the yields and/or the selectivities. The results of the 
reaction in MePi-Bu3OTs and NopylPBu3OTs are displayed in Table 62. Under microwave 
radiation for 13 s, the reaction in neat 1.5 ml MePi-Bu3OTs afforded 56 % yield with 
endo:exo ratio 75:25 (entry 1). When 0.25 g SiO2 was added to the reaction, the yield and 
the selectivity improved (entry 2). Increasing the amount of SiO2 to 0.5 g, resulted in about 
7 % drop in yield, but slightly better selectivity was observed (entry 3).  
 
The same reactions were performed in NopylPBu3OTs with the three different catalysts. All 
the selectivities of the reaction were similar than those obtained in MePi-Bu3OTs. K-10 
gave the best yield 82 % and good selectivity. Al2O3 affected the reaction yield least under 
the influence of microwave irradiation, and SiO2 was better than Al2O3, but not as effective 
as K-10.  
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Entry 1:7 
[mmol] 
PIL 
 
Time 
[s] 
PIL 
[ml] 
Solid 
[g] 
Yield 
[%] 
Ratio 
endo:exo 
16:17 
1 3:2 MePi-Bu3OTs 13 1.5 0 56 75:25 
2 3:2 MePi-Bu3OTs 13 1.5 SiO2, 0.25 79 82:18 
3 3:2 MePi-Bu3OTs 13 1.5 SiO2, 0.50 72 83:17 
        
4 3:2 MePi-Bu3OTs 13 1.5 0 55 80:20 
5 3:2 NopylPBu3OTs 13 1.5 SiO2, 0.10 63 82:18 
6 3:2 NopylPBu3OTs 13 1.5 SiO2, 0.25 78 84:16 
7 3:2 NopylPBu3OTs 13 1.5 SiO2, 0.50 70 85:15 
        
8 3:2 NopylPBu3OTs 13 1.5 Al2O3, 0.10 59 81:19 
9 3:2 NopylPBu3OTs 13 1.5 Al2O3, 0.25 66 83:17 
10 3:2 NopylPBu3OTs 13 1.5 Al2O3, 0.50 59 83:17 
        
11 3:2 NopylPBu3OTs 13 1.5 K-10, 0.10 68 82:18 
12 3:2 NopylPBu3OTs 13 1.5 K-10, 0.25 82 84:16 
13 3:2 NopylPBu3OTs 13 1.5 K-10, 0.50 75 83:17 
 
Table 62: Diels-Alder reactions of cyclopentadiene 1 with methyl acrylate 7 in PILs with 
heterogeneous catalysts SiO2, K10 and Al2O3, and under microwave for 13 s. 
 
The inorganic catalysts K-10 montmorillonite, Al2O3 and SiO2  in PILs have been used for 
enhancing Diels-Alder reactions. It was found that coupling the IL with microwave 
irradiation worked very well to give good rate enhancements and selectivities for the 
Diels-Alder reaction; completion occurs typically in a matter of a few seconds. Under the 
conditions tested in this study, no decompositions of the PILs was observed under the 
temperature control used (<200 °C).  
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3.7 Enantioselectivity 
 
3.7.1 Enantioselectivity of Isoprene and Methyl Vinyl Ketone 
 
O
O
CF2CF2CF3
3
Eu      
 
Figure 131 : Europium tris[3-(heptafluoropropylhydroxymethylene)-(+)-camphorate], 
Eu(hfc)3 (left); proposed interaction between 28 and Eu(hfc)3 (right). 
 
Enantiomers cannot be identified by NMR spectroscopy because of the isotropic probe. 
However, diastereoisomers can display different chemical shifts. Diastereoisomer 
complexes are formed by mixing the chiral shift reagent Eu(hfc)3, with a mixture of the 
enantiomers of 4-acetyl-1-methylcyclohexene 28 in CDCl3 solution. Because the shift 
reagent is a Lewis acid, the Eu3+
 
coordinates
 
at the oxygen. Eu3+
 
induces a spreading of the 
chemical shifts over a wider range of the spectrum.  
 
In this 1H NMR spectrum (Figure 132), the larger singlet at 5.38 ppm is assigned to 
CH3C=CH. After adding Eu(hfc)3 (1.8, 3.6, 5.6 mmol), the olefinic proton moved downfield 
and separated into 1:0.35 ratio which corresponds to the S and R enantiomers of 28. 
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Figure 132: 1H NMR of 28 (10 mmol) with different amounts of Eu(hfc)3 (0 %, 18 %, 36 %, 
56 %). 
 
3.7.1.1 Calculation of Enantioselectivity  
The enantioselectivity of a reaction or enantiomeric excess (e.e.) is determined by 
Equation 1. The e.e. of this reaction of isoprene and methyl vinyl ketone is 48 %. 
 
Equation 1: IR and IS are the magnitude of the integrals induced proton signals. 
 
The optical purity of a chiral compound is calculated using Equation 5. The specific optical 
rotation of the recovered mixture of S- and R-4-acetyl-1-methylcyclohexene was calculated 
as -39.8°. This corresponds to an e.e. of 43 % when the reaction was conducted in 
NopylPOct3OTs. The literature value for pure S-4-acetyl-1-methylcyclohexene is 92º in 
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CH2Cl2.260 
 
Equation 2: Calculation of the o.p. 
 
Entry PIL 
 
Time 
[h] 
T 
[°C] 
Yield 
[%] 
Ratio  
para:meta 
[α]D 
[°] 
o.p. 
[%] 
e.e. 
[%] 
1 NopylPBu3OTs 24 70 61 99:1 -24.8 27 - 
2 NopylPBu3I 24 70 63 99:1 -4.7 5 - 
3 NopylPOct3OTs 24 70 58 99:1 -41.5 45 43 
 
Table 64: Enantioselectivity of Diels-Alder reactions of isoprene with MVK in CPILs. 
 
The products of the reactions of isoprene with MVK in three CPILs were carefully purified 
and the optical purity measured (Table 64). Moderate enantioselectivity was observed 
when the reaction was conducted in NopylPOct3OTs (45 %). The smaller cation 
NopylPBu3OTs was less effective than the larger cation in NopylPOct3OTs (27 %). 
Comparison of the effect of anions showed that the smaller iodide anion gave the lowest 
o.p. (5 %). This illustrates that both the size of the nopyl derived cations and the toslyate 
anion can affect the o.p. A literature survey showed no comparable o.p. or e.e. result when 
the reaction was conducted in other chiral reaction media without catalysts. 
 
 
3.7.2 Enantioselecticity of Isoprene with Methyl Acrylate 
 
Entry Diene:Dienophile 
[mmol] 
PIL 
 
Time 
[h] 
T 
[°C] 
Yield 
[%] 
Ratio  
para:meta 
[α]D 
[°] 
1 5:5 NopylPBu3OTs 24 70 61 99:1 -15 
2 5:5 NopylPBu3I 24 70 63 99:1 -3 
3 5:5 NopylPOct3I 24 70 58 99:1 -5.8 
 
Table 65: Diels-Alder reactions of isoprene with methyl acrylate in CPILs. 
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The products of three reactions were purified and then treated with the chiral shift reagent. 
The olefinic peak became wider, but the splitting of the peak was unsuccessful (Figure 
133). The optical rotations were determined (Table 65) and a similar trend was observed; 
the tosylate anion was more effective than the iodide in enhancing the enantioselectivity 
and the larger cation also improved the enantioselectivity. There was no literature data for 
the specific optical rotation of pure R or S-26, so the o.p. for these reactions were not 
calculated.  
 
Figure 133: 1H NMR of 28 (10 mmol) with different amounts of Eu(hfc)3 (10%, 23%, 33%). 
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The e.e. can be calculated by treatment of the enantiomeric mixture with excess 
methylmagnesium bromide afforded α-terpineol ((+)-α-terpineol, [α]20D=84±10o) in Figure 
134.137 Future work in this area should investigate this aspect further. 
 
Figure 134: Formation of (α)-terpineol from 28. 
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4. Conclusions and Further Work 
  
  
 
4.1  Conclusions 
 
The aim of this study was the synthesis of CPILs and investigation of their application as 
solvents and potential catalysts for Diels-Alder reactions. 
 
Overall, 28 PILs were synthesised and characterised by various methods, 24 CPILs are 
novel which include 16 nopyl PILs, 4 pyrrolidinium PILs, 2 tartrate PILs and 2 methylbutyl 
PILs. (S)-((1-(tert-butoxycarbonyl)pyrrolidin-2-yl)methyl) tributylphosphonium 4-methyl- 
benzenesulfonate 76, (S)-pyrrolidin-2-ylmethyl tributylphosphonium tosylate.TFA 82, 
(S)-tributyl(pyrrolidin-2-ylmethyl)phosphonium chloride 89, (S)-trioctyl(pyrrolidin-2- 
ylmethyl)phosphonium chloride 90, ((4S,5S)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis 
(methylene) bistributylphosphonium bis(tosylate) 119, ((4S,5S)-2,2-dimethyl-1,3-dioxolane 
-4,5-diyl)bis (methylene) bistrioctylphosphonium bis(tosylate) 120, (S)-2-methylbutyl 
tributylphosphonium tosylate 122 and (S)-2-methylbutyl trioctylphosphonium tosylate 123 
are also new but they were impure and therefore were not studied as solvents in the 
Diels-Alder reaction. Tetrabutylphosphonium (S)-pyrrolidine-2-carboxylate was a known 
PIL which had not been previously been applied in this reaction.  
 
The thermal stability of these PILs was studied; they are generally stable to 300 °C or even 
higher, and no freezing points were observed down to -80 °C. This means that these PILs 
can be used as reaction media under a wide range of reaction temperatures. Large heat 
flow changes were observed for the BF4 nopyl PILs, the smallest changes were noticed for 
the PF6 nopyl PILs.  
The results from the Diels-Alder reactions of cyclopentadiene/isoprene/2,3-dimethylbuta- 
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1,3-diene with different dienophiles gave good yields. The regioselectivity observed in PILs 
were comparable with literature data. At lower temperature (<25 °C), steric hindrance 
affected the rates of the reactions which lead to enhanced selectivity. The smaller 
dienophile (not include acrylontrile) methyl vinyl ketone was more reactive, and high yields 
were obtained compared to other dienophiles. The reactivity of dienophiles also depends 
on the electron withdrawing functional groups. Theoretically, the sequence of the electron 
withdrawing ability is COMe > COOMe > CN and therefore the most electron difficient 
dienophile is methyl vinyl ketone, followed by methyl acrylate and acrylonitrile. The 
combination of the electron withdrawing group and interaction with the PIL is expected to 
change the reactivity of the dienophile.  
 
Figure 130 shows the proposed interaction of the nopyl phosphonium cation and different 
dienophiles using Chem 3D Mode. Steric hindrance played an important role, which 
distinctly affected the yields of the Diels-Alder reactions. One probable reason is that less 
steric hindrance is observed for methyl vinyl ketone which displays more effective 
phosphorus-oxygen interaction, leading to a more effective electron withdrawing process. 
This leads to more LUMO (of the dienophile) controlled Diels-Alder reactions for 
cyclopentadiene. In addition, the P-O interaction also reduced the energy which is required 
to form the LUMO transition state of the dienophile. The overall effect makes methyl vinyl 
ketone a better dienophile, which results in higher yields under the same reaction 
conditions.  
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Figure 130: Steric hindrance effects between methyl acrylate (top left), methyl vinyl ketone 
(top right), dimethyl maleate (bottom left) and acrylonitrile (bottom right) in nopyl PILs. 
 
At RT for 24 h, the sequence in the yields of the Diels-Alder reactions were: methyl vinyl 
ketone > acrylonitrile > methyl acrylate > dimethyl maleate. The shorter side chain of the 
tributyl PILs gave better yields but lower selectivity compared to the trioctyl PILs. 
Increasing the reaction temperature to 40 °C, changed the sequence in the yields to methyl 
vinyl ketone > methyl acrylate > acrylonitrile > dimethyl maleate. This is caused by the 
reduced steric hindrance effect at higher temperature and the phosphorus-nitrogen affinity 
is much poorer compared to the phosphorus-oxygen attraction.  
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It was found that the PILs can be recycled and NopylPOct3OTs was used to demonstrate 
this. NopylPOct3OTs can be used as many as four times with only little loss in activity.  
 
In comparison with the results reported in the literature, the reactions of 
furan/pyrrole/N-methylpyrrole with maleimide and maleic anhydride provided higher yields 
in the absence of catalysts.  The reactions with methyl acrylate were unsuccessful; this 
was not unexpected since a similar trend was observed in the Michael addition of methyl 
acrylate with nitrogen, oxygen and sulfur donors.116 Unsurprisingly, the reactions of 
furan/pyrrole/N-methylpyrrole with methyl vinyl ketone failed to give the Diels-Alder 
adducts. Instead, the Michael addition yielded mostly bis-adducts (4,4'-(furan- 
2,5-diyl)dibutan-2-one 128, 4,4'-(1H-pyrrole-2,5-diyl)dibutan-2-one 130 and 4,4'-(1-methyl- 
1H-pyrrole-2,5-diyl)dibutan-2-one 131. Several products were detected when these dienes 
were reacted with DMAD. Furan reacted with DMAD to form the desired Diels-Alder adduct 
45 in 88 % yield. Pyrrole and DMAD gave Michael addition products. One surprising result 
was observed when N-methylpyrrole was reacted with DMAD; the reaction afforded an 
excellent yield of tetramethyl 1-methyl-3a,7a-dihydro-1H-indole-2,3,3a,4- tetracarboxylate 
135, which is a product of the reaction of 2 molecules of DMAD with N-methylpyrrole. 
 
For each type of Diels-Alder reaction with different dienes and dienophiles under various 
reaction conditions, each PIL gave different results. The best yield and selectivity were in 
NopylPBu3I for the reaction of cyclopentadiene with methyl acrylate/methyl vinyl 
ketone/dimethyl maleate. The reaction of cyclopentadiene with acrylonitrile gave highest 
yield in NopylPOct3OEs, and the highest selectivity in NopylPOct3OMs. Under similar 
conditions, three PILs were tested for optimum amounts in the reaction of cyclopentadiene 
(3 mmol) with methyl acrylate (2 mmol): 0.31 mmol tributylnopyl phosphonium tosylate, 
0.35 mmol tributylnopyl phosphonium iodide and 0.60 mmol MePi-Bu3OTs gave the best 
yields in each of the reactions. It is note worthy that these excellent yields were obtained in 
the absence of any heavy metal catalyst. 
 176
Chapter 4  Conclusion and Further Work  
 
Good enantioselectivity was observed when the reaction of isoprene with MVK was 
conducted in NopylPOct3OTs (45 %). Both the size of the cation and the coordination of 
anion can affect the enantioselectivity. The smaller cation [NopylPBu3]+ was less effective 
than the larger cation [NopylPOct3]+, and the iodide anion gave the lowest e.e. 
 
Investigation of the effect of PILs in the presence of Al2O3, SiO2 and K-10 montmorillonite 
as catalysts was studied. Improvement in yields and selectivities were obtained in the 
presence of these heterogenous catalysts for the reactions of cyclopentadiene with methyl 
acrylate and methyl vinyl ketone.  The optimum amounts of catalysts were 0.75 g in 1 g 
PILs.  Significant improvement in yields were obtained in the presence of K-10 for the 
reaction of cyclopentadiene with methyl vinyl ketone, but a low yield was obtained for the 
corresponding reaction of cyclopentadiene with methyl acrylate. However, these yields 
were still better than most of the results from the neat reaction. Regarding the catalysts, 
SiO2 performed the best and K-10 is slightly better than Al2O3 (SiO2 > K-10 ≥ Al2O3). 
Comparison of the yields in the reactions of cyclopentadiene and methyl acrylate in 
different PILs and in the presence of the same catalyst was: NopylPOct3I > NopylPBu3I > 
NopylPBu3OTs > NopylPOct3OTs > NopylPOct3OMs.The reaction of furan with maleimide 
was also tested in the presence of these catalysts; K-10 enhanced the yield and Al2O3 and 
SiO2 improved the selectivity for the kinetic product. 
 
The Diels-Alder reactions of cyclopentadiene and methyl acrylate can be efficiently 
activated by ultrasound using PILs as reaction media. Low vapour pressure, greater 
viscosity, heat capacity and large cohesive forces in PILs caused no collapsing bubbles in 
the reaction mixture. Ultrasound improved the yields; higher yields were observed when 
compared with the corresponding silent reactions, but the selectectivities remained 
unaffected by sonication.  
 
The ionic conduction mechanism of PILs led to rapid heating under microwave irradiations 
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without any significant pressure build-up. Significant rate enhancements were observed. 
The reaction yields of cyclopentadiene with methyl acrylate in PILs were: NopylPBu3I > 
NopylPOct3I > NopylPBu3OTs > NopylPBu3OEs > NopylPOct3OEs > NopylPBu3OMs. The 
best selectivity was in NopylPBu3OTs. The combination of the heterogeneous catalyst and 
microwave irradiation, improved both yields and selectivities of the kinetic product. K-10 
gave the highest yield and SiO2 afforded the best selectivity. 
 
 
5.2  Further Work  
 
This study focused on a selected number of dienes and dienophiles. The observed 
task-specific nature of the PILs should be studied with a full range of substrates in order to 
investigate the scope and limitation of the PILs. It would be of great interest to see how 
more complex dienes and dienophiles behave under these conditions, for example in 
natural product synthesis. Since the regioselectivities were good in the Diels-Alder reaction 
studied in CPILs, the effects on the potentially enantioselectivity could be interesting.  
 
It is possible to predict the strength of the affinity between phosphorus and oxygen, or 
indeed the interaction of the phosphorus with other atoms in the dienophiles/dienes by 
computational methods. NMR spectroscopy, and in particular 31P NMR spectroscopy, could 
also be used to study the interactions. It may be possible to observe a change in chemical 
shifts if there is any interaction between the PIL and the substrates. 
 
The physical and chemical properties of these PILs need to be fully tested, especially their 
toxicity. The effects of PILs in the presence of catalysts and under ultrasound conditions 
constitute emerging media where cavitational effects should be tested more fully.  
There are a wide range of reactions to be explored in PILs. However, reactions catalysed 
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by Lewis acids and heavy metal catalysts should be of particular interest since the 
elimination of these chemicals from synthesis is desirable. The coordinating effect of the 
phosphorus to oxygen would be exploited in these reactions. 
 
There are numerous starting materials available from the chiral pool. These compounds 
are inexpensive and readily available and therefore should be exploited for the synthesis of 
designer CPILs. New PILs should be designed with longer akyl chains and phenyl groups 
since the results from the toxicity screening showed that these analogues are nontoxic. 
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5. Experimental 
  
  
  
5.1  General Points 
 
5.1.1 1H and 13C NMR Spectra 
All NMR spectra were obtained using a Jeol GX 270 MHz and ECA 600 MHz 
spectrometers, in CDCl3, D2O or DMSO solutions. Tetramethylsilane was used as an 
internal standard. The 1H NMR spectra were recorded in the range of 0-20 ppm at ambient 
probe temperature (273K) from 16-20 scans at 270 MHz and 20-32 scans at 600 MHz. 13C 
NMR spectra were recorded in the range of 0-250 ppm from 500-2000 scans at 68 MHz 
and 128-234 scans at 151 MHz. 
 
5.1.2 31P and 19F NMR Spectra 
31P spectra were recorded at 243 MHz on a ECA 600 spectrometer. CDCl3 was used as the 
solvent with phosphonic acid as the external standard. The 31P NMR spectra were 
recorded in the range of -200 ppm to 250 ppm at ambient probe temperature (273K) from 
64-128 scans. 19F NMR spectra were recorded on a ECA 600 spectrometer at 564 MHz, 
using CDCl3 as the solvents and with trifluoroacetic acid the external standard. The 19F 
NMR spectra were recorded in the range of -150 ppm to -50 ppm at ambient probe 
temperature (273K) from 4 scans. 
 
5.1.3 IR Spectra 
All IR spectra were obtained on a Nicolet 205 spectrophotometer in range 4000 – 400 cm-1. 
IR spectra of solid samples were recorded as 15 mm KBr disks (typically 0.5 mg of dry 
sample in 35 mg of dry KBr) and spectra for liquids were obtained as capillary film using 
NaCl plates. For the solids samples, background spectra were obtained from KBr of the 
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same batch as that used in the preparation of samples; for liquids background was 
recorded as air. All disks were prepared immediately prior to spectral determination. 
 
5.1.4 Mass Spectrometry 
The samples submitted to School of Pharmacy, University of London for high-resolution 
mass spectrometry analysis. Accurate mass measurement on the [M+H]+ ions of these 
samples and the results were performed. [Glu]-Fibrinopeptide B is used as an internal 
standard, [M+H]+ = 785.8426. 
 
5.1.5 TGA 
Weight loss measurements were carried out using a TA Instruments Q5000. The TGA 
system was controlled by Universal Analysis V4.5A software for data acquisition and 
analysis. In data plots, the weight loss is expressed as a percentage of the initial sample 
weight and plotted vs. temperature. The temperature calibration of the TGA instrument was 
checked with a NIST SRM2232 indium. The certified onset melting point of indium is 
156.60°C, while the measured value is 155.48°C. A sample weighing approximately 3-5 
mg was loaded into the TGA. The sample was ramped from RT to 450 °C at 10°C/min, 
then isothermal for 50 minutes in nitrogen atmosphere at a flow rate of 50 ml/min. 
 
5.1.6 DSC 
The DSC analysis was carried out using a TA Instruments Q2000 differential scanning 
calorimeter. Approximately 3-5 mg of sample was weighed into an aluminum pan and a lid 
hermetically sealed on the pan. The DSC analysis was carried out by equilibrating the 
sample at 25°C, cooling to -80°C at a rate of 5°C/min, and heating to 25°C at the rate of 
5°C/min. Nitrogen was used as purge gas during the analysis. The data obtained was 
analyzed using the TA Instruments Universal Analysis V4.5A program. Deionised water 
was used to check temperature accuracy.  
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5.1.7 Melting Point 
These were obtained using a Gallenkamp melting point apparatus from unsealed glass 
capillaries are uncorrected. 
 
5.1.8 Equipment 
All equipment used was washed with soapy water, then rinsed with clean water and then 
with acetone. The equipment was then allowed to dry in a 100 °C oven prior to use. 
 
5.1.9 Reagents and Solvents 
Reagents employed were used as supplied, unless otherwise stated and were 
general-purpose reagent (GPR) grade. General-purpose grade solvents were used as 
supplied in most case unless otherwise stated. Toluene, THF and diethyl ether were dried 
over sodium wire. Dichloromethane was dried with calcium chloride. 
 
5.1.10 Purification of Materials 
Reactions was monitored by TLC plates (25 TLC aluminium, silica gel 60 F254), and finial 
products were chromatographied through silica gel (60-200 60A). 
 
5.1.11 Ultrasound 
Reactions were carried out under ultrasonic radioation using the Transsonic T460 from 
CAMLAB. Distilled water was used as transmission media. 
 
5.1.12 Microwave 
Reactions were carried out under microwave radioation using the MAS-3 from Sineo 
Microwave Chemical Technology Co. Ltd. The inside of the microwave was dried before 
the reactions were conducted. 
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5.1.13 Optical Rotation 
The optical rotation of compounds was tested by using a Perin-Elmer 141 Polarimeter at 
22 °C in MeOH and each sample was tested twice. D-(+)-Glucose (0.1g/10mL, H2O, lit 
[α]20D=53±2) was used as the standard and gave [α]22D=59 at 589 nm wavelength. 
 
5.1.14 Cracking of Dicyclopentadiene 
Cyclopentadiene was prepared by the thermal cracking of dicyclopentadiene. 
Dicyclopentadiene was dropped into mineral oil heated at 240-260 °C. Cyclopentadiene 
was slowly distilled through a fractionating column, and the pure monomer was collected 
only when the reflux temperature was below 44 °C. The freshly distilled cyclopentadiene 
was used immediately or stored in a freezer to be used within 3 days. 
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5.2  Preparation of Chiral Ionic Liquids 
 
5.2.1 Preparation of (S)-pyrrolidine CILs 
5.2.1.1 (S)-1-(tert-Butoxycarbonyl)pyrrolidine-2-carboxylic acid 73 
12
3
N4
5 6
OH
O
OO
t-Bu  
To an ice-cold suspension of (S)-proline (10.05 g, 87 mmol) in dichloromethane (200 ml) in 
a round-bottomed flask was added TEA (16.5 ml, 120 mmol) in dichloromethane (10 ml). 
Di-tert-butyldicarbnate (27.21 g, 120 mmol) was added over 10 min, and the mixture was 
stirred at 0 °C for 2.5 h. The reaction was discontinued by the addition of saturated 
aqueous citric acid (50 ml) and the organic phase was washed with brine (2 x 50 ml) and 
water (50 ml) in a separating funnel, then dried over magnesium sulfate and filtered. A 
crude product was obtained, which was dissolved in hot minimum amount ethyl acetate. 
Hexane (100 ml) was added to the mixture and Boc-proline crystallised from the cooled 
solution. The product recovered as white crystals (14.89 g, 79 %). m.p. 130-132 °C (lit. m.p. 
133-135 °C);213 νmax/cm 3000 (O-H, COOH), 1750 and 1660 (C=O, COOH), 1420, 1210, 
910; δH (270 HMz; CDCl3) 1.46 (9 H, s, t-Bu), 1.86-1.87 (2 H, m, 2-CH2), 2.05-2.25 (2 H, m, 
1-CH2), 3.44 (2 H, dq, J 4.2 and 2.9, 3-C H2), 4.33 (1 H, m, CH), 11.0 (1 H, brs, OH); δC 
23.5 and 24.2 (C-2), 28.2 (3 C, s, 3 × CH3), 30.7 (C-1), 42.6 and 42.8 (CH2N), 58.9 (CHN), 
80.2 and 81.1 (C(CH3)3), 153.8 and 156.0 (CO2C(CH3)3), 175.2 and 176.4 (CO2H).213  
 
5.2.1.2 (S)-tert-Butyl 2-(hydroxymethyl)pyrrolidine-1-carboxylate 74 
 
Under inert atmosphase, borane-methyl sulfide complex (9.36 ml, 93.6 mmol) was added 
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dropwise into a 250 ml two necked round-bottomed flask containing a solution of 
Boc-proline (15.6 g, 7.176 mmol) in dry THF which was cooled to 0 °C. When gas evolution 
ceased, the ice bath was removed and the solution was heated under reflux for 1 h. The 
solution was cooled slowly and transferred to a 500 ml round-bottomed flask. Methanol 
(125 ml) was added slowly. The resulting solution was concentrated under reduced 
pressure. The residue was redissolved twice in methanol (63 ml) and toluene (63 ml) and 
reconcentrated to give an oil. Upon standing, the oil crystallised to give colourless crystals 
(16.9 g, 90 %). δH (270 HMz; CDCl3) 1.46 (9 H, s, t-Bu), 1.75-1.78 (2 H, m, 2-CH2), 
1.97-2.05 (2 H, m, 1-CH2), 3.20 (2 H, m, CH2),3.44 (2 H, dq, J 4.2 and 2.9, 3-CH2), 3.95 (1 
H, m, CH), 3.9-4.1 (1 H, bs, OH); δC 23.8 (CH2CH2), 28.4 (C, s, CH3), 47.5 (CH2N), 59.9 
(CHN), 81.0 (C(CH3)3), 155.9 (CO2C(CH3)3).261  
 
5.2.1.3a (S)-tert-Butyl 2-((tosyloxy)methyl)pyrrolidine-1-carboxylate (a) 75 
 
(S)-tert-Butyl-2-(hydroxymethyl)pyrrolidine-1-carboxylate (15.18 g, 52.9 mmol), and 
4-methylbenzene-1-sulfonyl chloride (10.09 g, 52.9 mmol) were placed in a three-necked 
round-bottomed flask and dissolved in dry dichloromethane (20 ml). The flask was then 
cooled to 0-3 °C in an ice-salt bath. Pyridine (8.55 g, 100 mmol) was added to the dropping 
funnel and added slowly to the reaction mixture whilst maintaining the temperature at 
0-3 °C. When the addition was complete, the ice-salt bath was removed and the mixture 
was stirred at RT for 4 h. The contents of the flask were then poured into a beaker 
containing ice (40 g). Concentrated sulfuric acid (18 ml) was added carefully, while stirring 
with a long glass rod. The mixture was then poured into a separating funnel. 
Dichloromethane (100 ml) was added and the bottom organic phase was collected. The 
organic phase was then washed with water (2 x 50 ml), dried over magnesium sulfate and 
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then filtered through fluted filter paper. The resulting solution was concentrated under 
vacuum, and the crude yellow oil was purified by flash chromatography (silica gel, eluant 
50:50 diethyl ether/petroleum ether), to give the pure product as a colourless oil (16.27 g, 
66%). δH (270 HMz; CDCl3) 1.47 (9 H, s, t-Bu), 1.75-1.78 (2 H, m, 2-CH2), 1.97-2.05 (2 H, 
m, 1-CH2), 2.41 (3 H, s, CH3), 3.17 (2 H, m, CH2), 3.44 (2 H, dq, J 4.2 and 2.9, 3-CH2), 3.95 
(1 H, m, CH), 3.79-3.90 (2 H, dd, J 8.4 and 4.1, CH2O), 7.49 (2 H, d, J 7.9, H-3 and H-3’ of 
tolyl), 7.79 (2 H, d, J 7.9, H-2 and H-2’ of tolyl); δC 21.5 (arylCH3), 23.7 (C-2, CH2), 28.6 
(C-1, CH2), 27.9 (3 C, s, 3 × CH3), 49.3 (CH2N), 58.0 (CHN), 68.8 (CH2O), 82.5 (C(CH3)3), 
127.1 (C-3 and 3’ of tolyl), 129.4 C-2 and C-2’ of tolyl), 137.9 (C-4 of tolyl), 143.5 (C-1 of 
tolyl), 153.6 (CO2C(CH3)3).262  
 
5.2.1.3b (S)-tert-Butyl 2-((tosyloxy)methyl)pyrrolidine-1-carboxylate (b) 75 
(S)-tert-Butyl-2-(hydroxymethyl)pyrrolidine-1-carboxylate (0.70 g, 2.5 mmol), 4-methyl- 
benzene-1-sulfonyl chloride (0.80 g, 4.2 mmol), triethylamine (0.58 ml, 4.2 mmol) and 
4-dimethylaminopyridine (0.14 g, 1.1 mmol) were placed in a round-bottomed flask and 
dissolved in dry dichloromethane (20 ml). A magnetic stirrer bar was added to the flask and 
the mixture was stirred at 0 °C. After 4 h, the contents of the flask were washed with 
saturated sodium carbonate, and the aqueous phase was extracted twice with 
dichloromethane (20 ml). The combined organic phase was dried over magnesium sulfate 
and then filtered through fluted filter paper. The resulting mixture was concentrated at 
reduced pressure, and the resulting residue was purified by flash chromatography (silica 
gel, eluant 50:50 diethyl ether/ petroleum ether), to give the pure product as a colourless oil 
(0.96 g, 78 %). δH (270 HMz; CDCl3) 1.47 (9 H, s, t-Bu), 1.75-1.78 (2 H, m, 2-CH2), 
1.97-2.05 (2 H, m, 1-CH2), 2.41 (3 H, s, CH3), 3.17 (2 H, m, CH2), 3.44 (2 H, dq, J 4.2 and 
2.9, 3-C H2), 3.95 (1 H, m, CH), 3.79-3.90 (2 H, dd, J 8.4 and 4.1, CH2O), 7.49 (2 H, d, J 
7.9, H-3 and H-3’ of tolyl), 7.79 (2 H, d, J 7.9, H-2 and H-2’ of tolyl); δC 21.3 (arylCH3), 23.6 
(C-2, CH2), 28.5 (C-1, CH2), 27.8 (3 C, s, CH3), 49.5 (CH2N), 58.1 (CHN), 68.6 (CH2O), 
82.4 (C(CH3)3), 127.2 (C-3 and 3’ of tolyl), 129.5 C-2 and C-2’ of tolyl), 137.6 (C-4 of tolyl), 
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143.3 (C-1 of tolyl), 153.7 (CO2C(CH3)3).263  
  
5.2.1.4 (S)-tert-Butyl pyrrolidine-1-carboxylatyl tributylphosphonium tosylate 76 
N
PBu3 OTs
OO
t-Bu  
(S)-tert-Butyl 2-((tosyloxy)methyl)pyrrolidine-1-carboxylate (0.343 g, 1.0 mmol) and 
tributylphosphine (0.206 g, 1.01 mmol) in toluene (40 ml) was heated under reflux for 24 h. 
The mixture was concentrated under reduced pressure to give a residue as a yellow oil 
which was analysed by NMR (15 % conversion, calculated from 31P NMR). δP (CDCl3) 
+33.92. 
 
5.2.1.5 Attempted synthesis of (S)-tert-Butyl pyrrolidine-1-carboxylatyl triphenyl- 
phosphonium tosylate 77 
 
(S)-tert-Butyl 2-((tosyloxy)methyl)pyrrolidine-1-carboxylate (0.378 g, 1.1 mmol) and 
triphenylphophosphine (0.287 g, 1.1 mmol) in toluene (40 ml) was heated under reflux for 
for 24 h. The mixture was concentrated under reduced pressure to give a white solid. 
Analysis of the solid by NMR spectroscopy revealed unreacted starting material (100 %). 
PPh3, δP (CDCl3) -4.8  
 
5.2.1.6 (S)-Pyrrolidin-2-ylmethyl tosylate·trifluoroacetic acid salt 81 
 
Trifluoroacetic acid (5 ml, 65 mmol) was added to a solution of (S)-tert-butyl 
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2-((tosyloxy)methyl)pyrrolidine-1-carboxylate (2.31 g, 6.5 mmol) in dichloromethane (15 ml) 
at 0 °C. Then the mixture was stirred for 30 min at RT. The resulting solution was 
concentrated under reduced pressure to yield yellow oil. The crude product was 
crystallised from diethyl ether to yield a white crystals (2.4 g, 95 %). δH (270 HMz; CDCl3) 
1.87-1.90 (1 H, m, 2-CH2), 1.99-2.24 (3 H, m, 1-CH2 and 2-CH2), 2.43 (3 H, s, CH3), 3.47 (2 
H, m, CH2), 4.01 (1 H, m, CH), 4.26 (2 H, m, CH2O), 7.35 (2 H, d, J 7.9, H-3 and H-3’ of 
tolyl), 7.75 (2 H, d, J 7.9, H-2 and H-2’ of tolyl), 8.21 and 9.00 (2 H, bs, NH); δC 21.7 
(arylCH3), 23.7 (C-2, CH2), 26.8 (C-1, CH2), 45.8 (CH2N), 58.0 (CHN), 68.0 (CH2O), 115.5, 
117.5 and 125.8 (CF3), 127.1 (C-3 and C-3’ of tolyl), 129.4 C-2 and C-2’ of tolyl), 137.9 (C-4 
of tolyl), 143.5 (C-1 of tolyl), 153.6 (CO2C(CH3)3), 162.0 (1 C. q, J 24, COCF3); δF 42.64 
 
5.2.1.7 (S)-Pyrrolidin-2-ylmethyl triphenylphosphonium tosylate·trifluoroacetic acid 
salt 82 
 
(S)-Pyrrolidin-2-ylmethyl 4-methylbenzenesulfonate TFA salt 4 (2 g, 5.6 mmol) and 
tributylphosphine (2.26 g, 11.2 mmol) in toluene (40 ml) was heated under reflux for 20 h. 
The mixture was concentrated under reduced pressure to give the product as a yellow oil 
which was analysed by NMR spectroscopy (3 % conversion, calculated from 31P NMR). δP 
(CDCl3) +32.82. 
 
5.2.1.8 (S)-Pyrrolidin-2-ylmethyl tributylphosphonium tosylate·trifluoroacetic acid 
salt 83 
 
 
(S)-Pyrrolidin-2-ylmethyl 4-methylbenzenesulfonate TFA salt 4 (0.2 g, 0.56 mmol) and 
triphenylphophosphine (0.30 g, 1.05 mmol) in toluene (40 ml) was heated under reflux for 
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for 20 h. The mixture was concentrated under reduced pressure to give a white solid. 
Analysis of the solid by NMR spectroscopy revealed unreacted starting material (100 %). 
PPh3, δP (CDCl3) -4.8 
 
 
5.2.2 Preparation of (S)-1-methylpyrrolidine CILs 
5.2.2.1 (S)-1-Methylpyrrolidine-2-carboxylic acid 84 
N
CH3
OH
O
 
(S)-Proline (20 g, 174 mmol) was dissolved in methanol (110 ml). Aqueous formaldehyde 
solution (40%, 1.4 ml, 19.1 mmol) was added to the mixture. This was followed by the 
addition of 10% palladium-on-charcoal catalyst (260 mg) and the resulting slurry was 
stirred under a hydrogen atmosphere overnight. The slurry was then filtered through a 
celite pad to remove the catalyst. The pad was washed with methanol and the combined 
filtrates were concentrated under reduced pressure to give the crude product. This crude 
product was crystallised from methanol-diethyl ether to give white crystals (19.2 g, 75 %). 
m.p. 114-116 °C (lit. m.p. 114-116 °C);217 δH (270 HMz; CDCl) 1.89-1.17 (3 H, m, 2-CH2 and 
1-CH), 2.45 (1 H, m, 1-CH2), 2.89 (1 H, s, CH3), 3.12 (1 H, m, CH), 3.64-3.74 and 3.82-3.88 
(2 H, m, 3-CH2), 4.33 (1 H, m, CH), 4.78 (1 H, bs, OH); δC 22.4 (C-2), 28.4 (C-1), 40.3 (1 C, 
s, CH3), 55.8 (CH2N), 70.2 (CHN), 173.1 (CO2H).  
 
5.2.2.2 (S)-(1-Methylpyrrolidin-2-yl)methanol 85 
 
Under an inert atmosphere, lithium aluminum hydride (5.5 g, 140 mmol) was added to THF 
(200 ml) in a 500 ml two-necked round-bottomed flask. (S)-1-Methylpyrrolidine- 
2-carboxylic acid (14.7 g, 100 mmol) in THF (50 ml) was added dropwise over a period of 1 
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h. The heat of reaction caused a gentle reflux. After additional heating for 3 h, the mixture 
was cooled to 0 °C. Water (10 ml) was carefully added. After successive cautious additions 
of water, the inorganic precipitate was filtered and extrated twice with THF. The resulting 
solution was concentrated under reduced pressure to give the product as a yellow oil (9.9 g, 
74 %). δH (270 HMz; D2O) 1.64-1.89 (3 H, m, 2-CH2 and 1-CH), 2.43-2.30 (1 H, m, 1-CH2), 
2.29 (1 H, s, CH3), 3.00 (1 H, m, CH), 3.34-3.44 and 3.57-3.68 (2 H, m, 3-CH2); δC 24.0 
(C-2), 27.9 (C-1), 40.8 (1 C, s, CH3), 57.5 (CH2N), 62.9 (CH2OH), 66.7 (CHN).264  
 
5.2.2.3 Attempted synthesis of (S)-(1-Methylpyrrolidin-2-yl)methyl tosylate 
 
(S)-(1-Methylpyrrolidin-2-yl)methanol (1.3 g, 10 mmol), and 4-methylbenzene-1- sulfonyl 
chloride (1.96 g, 11 mmol) were placed in a three-necked round-bottomed flask and 
dissolved in dry dichloromethane (20 ml). The flask was filted with a dropping funnel and 
thermometer, then cooled to 0-3 °C in an ice-salt bath. Pyridine (0.8 g, 11 mmol) was 
added to the dropping funnel and was added slowly to the reaction mixture whilst 
maintaining the temperature at 0-3 °C. When addition was complete, the ice-salt bath was 
removed and the mixture was stirred at RT for 4 h. The contents of the flask were then 
poured into a beaker contained ice (40 g). Concentrated sulfuric acid (5 ml) was added 
carefully, while stirring with a long class rod. The mixture was then poured into a separating 
funnel. Dichloromethane (100 ml) was added and the bottom organic phase was collected. 
The organic phase was then washed with water (2 x 50 ml), dried over magnesium sulfate 
and then filtered through fluted filter paper. The resulting solution was concentrated by 
reducing pressureto give a red oil. 1H and 13C NMR spectroscopy showed no desired 
product was formed. 
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5.2.2.4 (S)-Pyrrolidin-2-ylmethanol 86 
 
(S)-Proline (17.3 g, 150 mmol) was added to a suspension of lithium aluminum hydride (8.5 
g, 225 mmol) in anhydrous THF (250 ml) at 0 °C. Then the mixture was heated under reflux 
for 2 h. After cooling to RT, sodium hydroxide (5 M, 20 ml) was added carefully to destroy 
the excess lithium aluminum hydride. The inorganic precipitate was filtered and extracted 
with THF (2 x 250 ml), then the combined organic phase was dried over magnesium sulfate 
and then filtered through fluted filter paper. The resulting solution was concentrated under 
reduced pressure to give a yellow oil (14.3 g, 94 %). δH (270 HMz; CDCl3) 1.45-1.52 (1 H, 
m, 1-CH2), 1.63-1.88 (3 H, m, 2-CH2 and 1-CH), 2.84 (2 H, s, CH2), 3.14 (1 H, m, CH), 
3.30-3.40 (1 H, m, CH), 3.52-3.78 (2 H, m, CH2); δC 26.0 (C-2), 27.8 (C-1), 43.8 (C-3), 60.0 
(C-5), 64.9 (C-6).265  
 
5.2.2.5 (S)-2-(Chloromethyl)pyrrolidine·hydrogen chloride salt 87 
 
(S)-Proline (1.01 g, 10 mmol) was added to dichloromethane (15 ml). Thionyl chloride (3.3 
g, 20 mmol) was added dropwise at 0 °C. The mixture was heated under reflux for 2 h, and 
then stored in the fridge for 48 h. The mixture was concentrated under reduced pressure to 
yield an orange oil. The oil was crystallised by addition of some absolute ethanol to yield 
brown crystals (1.13 g, 83 %). δH (600 HMz; CDCl3) 1.87 and 2.23 (2 H, m, 1-CH2), 2.04 
and 2.14 (2 H, m, 2-CH2), 3.40 and 3.45 (2 H, m, 3-CH2), 3.84 and 4.04 (2 H, m, 6-CH2), 
3.91 (1 H, m, CH), 9.64 (1 H, s, NH), 10.09 (1 H, s, NH); δC 23.9 (C-2), 28.9 (C-1), 43.1 
(C-3), 45.8 (C-6), 60.9 (C-5).266  
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5.2.2.6 (S)-2-(Chloromethyl)pyrrolidine 88 
 
(S)-2-(Chloromethyl)pyrrolidine (1.56 g, 10 mmol) was added to dry dichloromethane (25 
ml). Excess potassium carbonate was added to the mixture, and then the mixture was 
stirred overnight. The resulting solution was filtered through fluted filter paper and 
concentrated under reduced pressure to give a yellow oil (1.01 g, 93 %). δH (600 HMz; 
CDCl3) 1.88 and 2.23 (2 H, m, 1-CH2), 2.04 and 2.14 (2 H, m, 2-CH2), 3.40 and 3.45 (2 H, 
m, 3-CH2), 3.84 and 4.04 (2 H, m, 6-CH2), 3.91 (1 H, m, CH), 9.64 (1 H, s, NH), 10.09 (1 H, 
s, NH); δC 23.9 (C-2), 28.9 (C-1), 43.1 (C-3), 45.8 (C-6), 60.9 (C-5). 
 
5.2.2.7 (S)-Tributyl(pyrrolidin-2-ylmethyl)phosphonium chloride 89 
 
(S)-2-(Chloromethyl)pyrrolidine (2.39 g, 20 mmol) and tributylphosphine (4.05 g, 20 mmol) 
in toluene (40 ml) was heated under reflux for 24 h. The mixture was concentrated under 
reduced pressure to yield a residue as an oil, which was analysed by NMR spectroscopy 
(24 % conversion, calculated from 31P NMR). δP +35.45 
 
 
5.2.2.8 (S)-Trioctyl(pyrrolidin-2-ylmethyl)phosphonium chloride 90 
 
(S)-2-(Chloromethyl)pyrrolidine (2.39 g, 20 mmol) and trioctylphosphine (7.4 g, 20 mmol) in 
toluene (40 ml) was heated under reflux for 24 h. The mixture was concentrated under 
reduced pressure to yield a residue as an oil, which was analysed by NMR spectroscopy 
(17 % conversion, calculated from 31P NMR). δP +35.30 
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5.2.2.9 Tetrabutylphosphonium (S)-pyrrolidine-2-carboxylate 91 
 
Tetrabutylphosphonium hydroxide in aqueous solution (5.53 g, 40% wt, 20 mmol) was 
added dropwise to a slight excess of (S)-proline (2.53 g, 22 mmol) in aqueous 
solution. The mixture was stirred at 0 °C for 1 hour. Then water was removed by 
freeze-drying. To this reaction mixture, acetonitrile (90 ml) and methanol (10 ml) were 
added, and then the mixture was stirred vigorously. The mixture was then filtered to 
remove excess (S)-proline. The filtrate was evaporated to remove solvents. The colourless 
oil (6.87g, 96 %) dried in vacuo for 2 days at 80 °C. δH (600 HMz; CDCl3) 0.93 (9 H, t, J 7.6, 
CH3(CH2)3P), 1.47 (6 H, m, CH3(CH2)2CH2P), 1.49 (6 H, m, CH3CH2CH2CH2P), 1.62 (2 H, 
m, CH2), 1.86 (1 H, brs, CH2), 2.04 (1 H, m, CH2), 2.35 (6 H, m, CH3(CH2)2CH2P), 2.78 (1 H, 
br, CH2), 3.06 (1 H, m, CH2), 3.52 (1 H, br, CH2); δC 13.6 (3 C, CH3(CH2)3P), 18.7 (3 C, d, J 
46, CH3CH2CH2CH2P), 21.6 (2 C, CH3), 23.9 (3 C, d, J 4, CH2CH2P), 24.1 (3 C, d, J 14, 
CH2CH2CH2P), 26.3 (CH2), 31.7 (CH2), 47.4 (CH2), 62.9 (CH), 178.9 (C=O); δP +33.62; 
[α]22D= -48 (23mg/10ml, MeOH).33 
 
 
5.2.3 Preparation of Nopyl CILs 
5.2.3.1 2-((5R)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl tosylate 92   
 
(R)-Nopol (66.5 g, 400 mmol), and 4-methylbenzene-1-sulfonyl chloride (76 g, 400 mmol) 
 193
Chapter 5  Experimental  
 
were placed in a three-necked round-bottomed flask and dissolved in dry dichloromethane 
(100 ml). The flask fitted with a dropping funnel and thermometer. The flask was then 
cooled in an ice-salt bath. Pyridine (32.32 g, 400 mmol) was added to the dropping funnel 
and was added slowly to the reaction mixture whilst maintaining the temperature at 0-3 °C. 
When the addition was complete, the ice-salt bath was removed and the mixture was 
stirred at RT for 4 h. The contents of the flask were then poured into a beaker contained ice 
(280 g). Concentrated sulfuric acid (80 ml) was added carefully, while stirring with a glass 
rod. The mixture was then poured into a separating funnel. Dichloromethane (100 ml) was 
added to the separating funnel and the organic phase was collected, and washed with 
water (2 x 200 ml), dried over magnesium sulfate and then filtered through fluted filter 
paper. The resulting solution was concentrated under reduced pressure to give yellow 
crystals. This crude product was dissolved in the eluant (eluant 50:50 hexane/diethyl ether), 
and purified by fitration through a pad of silica gel to give a white powder which was 
recrystallised from hexane to give white crystals (99.51 g, 78%). δH (600 HMz; CDCl3) 0.75 
(3 H, s, H-8, CH3), 1.07 (1 H, d, J 8.5, CH), 1.22 (3 H, s, CH3), 1.90 (1 H, t, J 7.5, CH), 2.04 
(2 H, d, J 17.7, CH), 2.28 (2 H, m, CH2), 2.32 (1 H, s, CH), 2.43 (3 H, s, CH3), 4.01 (2 H, s, 
CH2), 5.22 (1 H, s, CH), 7.33 (2 H, d, J 7.9, H-14 and H-14’ of tolyl), 7.78 (2 H, d, J 7.9, 
H-13 and H-13’ of tolyl); δC 21.2 (C-8), 21.8 (C-16), 26.3 (C-9), 31.4 (C-6), 31.4 (C-1), 36.2 
(C-10), 38.1 (C-7), 40.6 (C-2), 45.6 (C-3), 68.7 (C-11), 119.8 (C-5), 128.0 (C-13), 129.9 
(C-14), 133.3 (C-4), 142.7 (C-12), 144.8 (C-15).267  
 
5.2.3.2 Tributyl(2-((5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl) phosphonium 
tosylate 93 
H3C CH3
PBu3
S
O
O
O
1415
13 1216
 
A solution of nopyl tosylate (6.4 g, 20 mmol) and tributylphosphine (4.05 g, 20 mmol) in 
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toluene (50 ml) was heated under reflux for 24 h. The mixture was concentrated under 
reduced pressure to yield the product as an oil. This crude product was dissolved in the 
eluant (eluant 95:5 dichloromethane/methanol), and purified by fitration through a pad of 
silica gel to give an oil (9.78 g, 91 %). IR vmax/cm (NaCl) 2875 (CH), 2940 (CH), 2956 (CH), 
1710 and 1680 (C=C), 1470 (P-C), 1450 and 1375 (CH3), 1131(S=O), 1025 (CH); δH (600 
HMz; CDCl3) 0.75 (3 H, s, H-8, CH3), 0.82 (9 H, t, J 7.6, CH3(CH2)3P), 1.07 (1 H, d, J 8.5, 
CH), 1.22 (3 H, s, CH3), 1.31 (6 H, m, CH3(CH2)2CH2P), 1.49 (6 H, m, CH3CH2CH2CH2P), 
1.60 (6 H, m, CH3(CH2)2CH2P), 1.90 (1 H, t, J 5.5, CH), 2.04 (2 H, d, J 17.7, CH), 2.28 (2 H, 
m, CH2), 2.32 (1 H, s, CH), 2.43 (3 H, s, CH3), 4.01 (2H, t, J 7.5, CH2), 5.22 (1 H, s, CH), 
7.05 (2 H, d, J 7.9, H-14 and H-14’ of tolyl), 7.78 (2 H, d, J 7.9, H-13 and H-13’ of tolyl); δC 
13.9 (3 C, d, J 14, CH3(CH2)3P), 18.3 (3 C, d, J 10, CH3CH2CH2CH2P), 21.2 (C-8), 21.8 
(C-16), 24.1 (3 C, d, J 4, CH2CH2P), 24.3 (3 C, d, J 4, CH2CH2CH2P), 26.3 (C-9), 31.4 (C-6), 
31.4 (C-1), 36.2 (C-10), 38.1 (C-7), 40.6 (C-2), 45.6 (C-3), 68.7 (C-11), 119.8 (C-5), 128.0 
(C-13), 129.9 (C-14), 133.3 (C-4), 142.7 (C-12), 144.8 (C-15); δP +35.6; m/z (EI) 523.3403 
([M+H]+ requires 523.3369); [α]22D= -13 (21mg/10ml, MeOH). 
 
5.2.3.3 Trioctyl(2-((5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl) phosphonium 
tosylate 94 
 
A solution of nopyl tosylate (6.4 g, 20 mmol) and trioctylphosphine (7.4 g, 20 mmol) in 
toluene (50 ml) was heated under reflux for 24 h. The mixture was concentrated under 
reduced pressure to yield the product as an oil. This crude product was dissolved in the 
eluant (eluant 95:5 dichloromethane/methanol), and purified by fitration through a pad of 
silica gel to give an oil (7.2 g, 71 %). IR vmax/cm (NaCl) 2875 (CH), 2940 (CH), 2956 (CH), 
1710 and 1680 (C=C), 1470 (P-C), 1450 and 1375 (CH3), 1131(S=O), 1025 (CH); δH (600 
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HMz; CDCl3) 0.78 (3 H, s, H-8, CH3), 0.86 (9 H, t, J 7.6, H-19, CH3), 1.10 (1 H, d, J 8.5, 
H-1a, CH), 1.24 (3 H, s, H-9, CH3), 1.25-1.79 (36 H, m, H-13,14,15,16,17,18, CH2), 1.98 (1 
H, t, J 5.5, H-3, CH), 2.05 (1 H, brs, H-2, CH), 2.21 (2 H, dd, J 17.7, H-6, CH), 2.22 (2 H, m, 
H-11, CH2), 2.30 (3 H, s, CH3), 2.32 (1 H, s, H-1b, CH2), 2.39 (2 H, m, H-10, CH2), 2.47 (6 H, 
m, H-12, CH2), 5.31 (1 H, s, CH), 7.09 (2 H, d, J 7.9, H-14 and H-14’ of tolyl), 7.77 (2 H, d, J 
7.9, H-13 and Η-13’ of tolyl); δC 14.2 (C-19), 19.9 (C-11, d, J 46) 19.5 (C-12, d, J 47.5), 21.3 
(C-8), 21.8 (C-16), 22.0 (C-15, d, J 4.5), 22.7 (C-16), 26.2 (C-9), 28.4 (C-10), 29.0 (C-18, d, 
J 4), 29.9 (C-13), 30.8 (C-14, d, J 14.5), 31.3 (C-6), 31.7 (C-17), 31.8 (C-1), 38.3 (C-7), 
40.6 (C-2), 45.6 (C-3), 119.0 (C-5), 128.0 (C-13), 129.9 (C-14), 144.7 (C-4), 144.8 (C-15); 
δP +33.87; δP +35.6; m/z (EI) 691.5238 ([M+H]+ requires 591.5247); [α]22D= -12 (12mg/10ml, 
MeOH). 
 
5.2.3.4 2-((5R)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl mesylate 95 
 
(R)-Nopol (18.62 g 110 mmol) and TEA (13.5 g, 133 mmol) were added into 
dichloromethane (150 ml) in a two necked round bottomed flask. Methanesulfonyl chloride 
(11.4 g, 110 mmol) was added dropwise at 0 °C. The reaction mixture was warmed to RT 
slowly and stirred overnight and transferred into a separating funnel with ice water (200 ml). 
The aqueous phase was separated and the organic phase was washed with ice water (5 x 
200 ml). The organic phase was dried over MgSO4, filtered and concentrated to give crude 
product, which was passed through silic gel to give a colourless oil (19.52 g, 73 %). δH (600 
HMz; CDCl3) 0.76 (3 H, s, H-8, CH3), 1.10 (1 H, d, J 8.5, CH), 1.22 (3 H, s, CH3), 1.90 (1 H, 
dt, J 5.5, CH), 2.04 (2 H, d, J 17.7, CH), 2.28 (2 H, m, CH2), 2.32 (1 H, s, CH), 2.43 (3 H, s, 
CH3), 3.01 (2 H, t, J 7.6, CH2), 4.11 (2 H, t, J 7.1, CH2), 5.56 (1 H, brs, CH); δC 21.2 (C-8), 
26.3 (C-9), 31.4 (C-6), 31.4 (C-1), 36.2 (C-10), 37.2 (CH3SO3), 38.1 (C-7), 40.6 (C-2), 45.6 
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(C-3), 68.7 (C-11), 119.8 (C-5), 142.7 (C-4).268  
 
5.2.3.5 2-((5R)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl esylate 96 
 
Prepared using method 3.2.3.4 and nopol (36.52 g 220 mmol), TEA (27 g, 266 mmol) and 
ethanesulfonyl chloride (25.8 g, 200 mmol) was added dropwise at 0 °C. The reaction 
mixture was warmed to RT slowly and stirred overnight and transferred into a separating 
funnel with ice water. The aqueous phase was separated and the organic phase was 
washed with ice water (5 x 200 ml). the organic phase was dried over MgSO4, filtered and 
concentrated to give crude product (48.35 g, 94 %), and then passed through silic gel gave 
the product as a colourless oil. δH (600 HMz; CDCl3) 0.78 (3 H, s, H-8, CH3), 1.11 (1 H, 
H-1a, d, J 8.7, CH), 1.23 (3 H, H-9, s, CH3), 1.37 (3 H, H-13, t, J 5.5, CH3), 1.99 (1 H, H-3, t, 
J 5.5, CH), 2.05 (1 H, H-2, brs, CH), 2.16 (2 H, H-6, dd, J 19, J 5.5, CH), 2.31 (1 H, H-1b, s, 
CH), 2.37 (2 H, H-10, s, CH2), 3.07 (2 H, H-11, q, J 7.3, CH2), 4.16 (2 H, H-12, m, CH2), 
5.30 (1 H, H-5, br s, CH); δC 8.3 (C-13), 21.2 (C-8), 26.3 (C-9), 31.4 (C-6), 31.7 (C-1), 36.6 
(C-10), 38.1 (C-7), 40.6 (C-2), 45.0 (C-12), 45.6 (C-3), 67.6 (C-11), 119.9 (C-5), 142.7 
(C-4). 
 
5.2.3.6 Tributyl(2-((5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl) phosphonium 
mesylate 97 
H3C CH3
PBu3
O S
O
O
CH3
 
A solution of nopyl methanesulfonate (39 g, 159 mmol) and tributylphosphine (32.08 g, 159 
mmol) in toluene (100 ml) was heated under reflux for 24 h. The mixture was concentrated 
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under reduced pressure to yield the product as an oil. This crude product was dissolved in 
the eluant (eluant 95:5 dichloromethane/methanol), and purified by fitration through a pad 
of silica gel to give an oil (57 g, 79 %). IR vmax/cm (NaCl) 2875 (CH), 2940 (CH), 2956 (CH), 
1710 and 1680 (C=C), 1470 (P-C), 1450 and 1375 (CH3), 1131(S=O), 1025 (CH); δH (600 
HMz; CDCl3) 0.76 (3 H, s, H-8, CH3), 0.91 (9 H, t, J 7.6, H-15, CH3), 1.08 (1 H, d, J 8.5, 
H-1a, CH), 1.21 (3 H, s, H-9, CH3), 1.49 (12 H, t, J 7.6, H-13,14 CH2), 1.98 (1 H, t, J 5.5, 
H-3, CH), 2.05 (1 H, brs, H-2, CH), 2.16 (2 H, dd, J 17.7, H-6, CH), 2.22 (2 H, m, H-11, 
CH2), 2.29 (1 H, s, H-1b, CH2), 2.39 (2 H, m, H-10, CH2), 2.68 (3 H, s, H-12, CH3), 5.27 (1 
H, s, CH); δC 13.4 (C-15, d, J 19), 16.7 (C-11, d, J 46), 18.6 (C-12, d, J 46), 21.2 (C-8), 23.8 
(C-13, d, J 4), 24.0 (C-14), 26.1 (C-9), 28.3 (C-10), 31.2 (C-6), 31.7 (C-1), 38.2 (C-7), 40.6 
(C-2), 45.5 (C-3), 118.7 (C-5), 144.8 (C-4); δP +34.08; m/z (EI) 447.3077 ([M+H]+ requires 
447.3056); [α]22D= -18 (10mg/10ml, MeOH). 
 
5.2.3.7 Trioctyl(2-((5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl) phosphonium 
mesylate 98 
 
A solution of nopyl methanesulfonate (39 g, 159 mmol) and trioctylphosphine (58.76 g, 159 
mmol) in toluene (100 ml) was heated under reflux for 24 h. The mixture was concentrated 
by reduced pressure to yield the product as an oil. This crude product was dissolved in the 
eluant (eluant 95:5 dichloromethane/methanol), and purified by fitration through a pad of 
silica gel to give an oil (89 g, 80 %). IR vmax/cm (NaCl) 2875 (CH), 2940 (CH), 2956 (CH), 
1710 and 1680 (C=C), 1470 (P-C), 1450 and 1375 (CH3), 1131(S=O), 1025 (CH); δH (600 
HMz; CDCl3) 0.77 (3 H, s, H-8, CH3), 0.82 (9 H, t, J 7.6, H-19, CH3), 1.10 (1 H, d, J 8.5, 
H-1a, CH), 1.24 (3 H, s, H-9, CH3), 1.25-1.79 (36 H, m, H-13,14,15,16,17,18, CH2), 1.99 (1 
H, t, J 5.5, H-3, CH), 2.05 (1 H, brs, H-2, CH), 2.15 (2 H, dd, J 17.7, J 5.5, H-6, CH), 2.22 (2 
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H, m, H-11, CH2), 2.28 (6 H, m, H-12, CH2), 2.32 (1 H, s, H-1b, CH2), 2.39 (2 H, m, H-10, 
CH2), 2.70 (3 H, s, SO3CH3), 5.31 (1 H, s, H-5, CH2); δC 14.1 (C-19), 16.8 (C-11, d, J 46) 
18.9 (C-12, d, J 46), 22.0 (C-8), 22.0 (C-15, d, J 4.5), 22.7 (C-16), 26.2 (C-9), 28.4 (C-10), 
29.0 (C-18, d, J 4), 29.9 (C-13), 30.8 (C-14, d, J 14.5), 31.3 (C-6), 31.7 (C-1), 31.8 (C-17), 
38.2 (C-7), 39.6 (C-10), 40.6 (C-2), 45.5 (C-3), 118.7 (C-5), 144.9 (C-4); δP +33.87; m/z (EI) 
615.4921 ([M+H]+ requires 615.4934); [α]22D= -13 (15mg/10ml, MeOH). 
 
5.2.3.8 Tributyl(2-((5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl) phosphonium 
esylate 99 
 
A solution of nopyl ethanesulfonate (30 g, 115 mmol) and tributylphosphine (23.35 g, 115 
mmol) in toluene (100 ml) was heated under reflux for 48 h. The mixture was concentrated 
by reduced pressure to yield the product as an oil. This crude product was dissolved in the 
eluant (eluant 95:5 dichloromethane/methanol), and purified by fitration through a pad of 
silica gel to give a colourless oil (49 g, 79 %). IR vmax/cm (NaCl) 2875 (CH), 2940 (CH), 
2956 (CH), 1710 and 1680 (C=C), 1470 (P-C), 1450 and 1375 (CH3), 1131(S=O), 1025 
(CH); δH (600 HMz; CDCl3) 0.77 (3 H, s, H-8, CH3), 0.90 (9 H, t, J 7.6, H-15, CH3), 1.09 (1 
H, d, J 8.5, H-1a, CH), 1.21 (3 H, s, H-9, CH3), 1.37 (3 H, t, J 5.5, H-17, CH3), 1.49 (12 H, t, 
J 7.6, J 7.6, H-13,14 CH2), 1.98 (1 H, t, J 5.5, H-3, CH), 2.05 (1 H, brs, H-2, CH), 2.16 (2 H, 
dd, J 17.7, J 5.5, H-6, CH), 2.22 (2 H, m, H-11, CH2), 2.29 (1 H, s, H-1b, CH2), 2.39 (2 H, m, 
H-10, CH2), 2.79 (2 H, q, H-16, CH2), 5.34 (1 H, s, CH); δC 10.0 (C-17), 13.6 (C-15, d, J 19), 
16.7 (C-11, d, J 46), 18.7 (C-12, d, J 46), 21.2 (C-8), 23.8 (C-13, d, J 4), 24.0 (C-14), 26.1 
(C-9), 38.3 (C-10), 31.2 (C-6), 31.7 (C-1), 38.2 (C-7), 40.6 (C-2), 45.5 (C-16), 45.8 (C-3), 
118.7 (C-5), 144.8 (C-4); δP +34.02; m/z (EI) 461.3255 ([M+H]+ requires 461.3213); [α]22D= 
-15 (16mg/10ml, MeOH). 
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5.2.3.9 Trioctyl(2-((5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl) phosphonium 
esylate 100 
H3C CH3
POct3
O S
O
O
C2H5
 
A solution of nopyl ethanesulfonate (27.5 g, 106 mmol) and tributylphosphine (41.3 g, 106 
mmol) in toluene (100 ml) was heated under reflux for 48 h. The mixture was concentrated 
by reduced pressure to yield the product as an oil. This crude product was dissolved in the 
eluant (eluant 95:5 dichloromethane/methanol), and purified by fitration through a pad of 
silica gel to give a colourless oil (60 g, 85 %). IR vmax/cm (NaCl) 2875 (CH), 2940 (CH), 
2956 (CH), 1710 and 1680 (C=C), 1470 (P-C), 1450 and 1375 (CH3), 1131(S=O), 1025 
(CH); δH (600 HMz; CDCl3) 0.78 (3 H, s, H-8, CH3), 0.84 (9 H, t, J 7.6, H-19, CH3), 1.10 (1 
H, d, J 8.5, H-1a, CH), 1.23 (3 H, s, H-9, CH3), 1.37 (3 H, t, J 5.5, H-21, CH3), 1.25-1.79 (36 
H, m, H-13,14,15,16,17,18, CH2), 2.00 (1 H, t, J 5.5, H-3, CH), 2.08 (1 H, brs, H-2, CH), 
2.18 (2 H, dd, J 17.7, J 5.5, H-6, CH), 2.22 (2 H, m, H-11, CH2), 2.28 (1 H, s, H-1b, CH2), 
2.31 (6 H, m, H-12, CH2), 2.39 (2 H, m, H-10, CH2), 2.79 (3 H, q, H-20, CH2), 5.33 (1 H, s, 
CH); δC 10.0 (C-21), 14.1 (C-19), 17.1 (C-11, d, J 46) 18.9 (C-12, d, J 46), 22.0 (C-8), 22.1 
(C-15, d, J 5), 22.7 (C-16), 26.2 (C-9), 28.2 (C-10), 29.1 (C-18, d, J 4), 23.0 (C-13), 30.8 
(C-14, d, J 15), 30.8 (C-6), 31.8 (C-1), 31.9 (C-17), 38.2 (C-7), 39.6 (C-10), 40.6 (C-2), 45.5 
(C-20), 45.8 (C-3), 118.7 (C-5), 144.9 (C-4); δP +33.89; m/z (EI) 629.5125 ([M+H]+ requires 
629.5091); [α]22D= -15 (12mg/10ml, MeOH). 
 
5.2.3.10 2-(2-Chloroethyl)-(5R)-6,6-dimethylbicyclo[3.1.1]hept-2-ene 101 
1
2
3
4
5
6
7H3C
8
CH3
9
10 11
Cl
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(R)-Nopol (16.63 g, 124 mmol), carbon tetrachloride (17 g, 130 mmol) and 
triphenylphosphine (27 g, 130 mmol) in acetonitrile (200 ml) were heated under reflux for 8 
h. After cooling to RT, the solution was concentrated under reduced pressure. The residue 
was triturated with diethyl ether (3 x 150 ml). Triphenylphosphine oxide which precipitated 
out in the combined organic phase was removed by filtration. The filtrated was 
concentrated and the residue was purified on silica gel (eluant 50:50 
dichloromethane/hexane) to yield the product as a colourless oil (19.47 g, 85 %). δH (600 
HMz; CDCl3) 0.84 (3 H, s, H-8, CH3), 1.18 (1 H, d, J 8.5, CH), 1.25 (3 H, s, CH3), 1.98 (1 H, 
t, J 5.5, CH), 2.08 (1 H, s, CH), 2.17 (2 H, dd, J 17.7, J 5.5, CH), 2.35 (1 H, m, CH2), 2.54 (2 
H, t, J 7.6, CH2), 3.09 (2 H, m, CH2), 5.26 (1 H, s, CH); δC 21.3 (C-8), 26.3 (C-9), 31.4 (C-6), 
31.7 (C-1), 40.7 (C-7), 40.7 (C-2), 42.7 (C-10), 40.2 (C-11), 45.6 (C-3), 119.3 (C-5), 144.5 
(C-4).269  
 
5.2.3.11 Attempted synthesis of (2-((5R)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2- 
yl)ethyl)triphenylphosphonium chloride 102 
H3C CH3
PPh3 Cl
 
(R)-Nopyl chloride (3.7 g, 20 mmol) and triphenylphosphine (5.25 g, 20 mmol) in toluene 
(40 ml) was heated under reflux for 24 h. The mixture was concentrated under reduced 
pressure to give a white solid. Analysis of the solid by NMR spectroscopy revealed 
unreacted starting material (100 %). PPh3, δP (CDCl3) -4.8  
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5.2.3.12 (2-((5R)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl) tributyl- 
phosphonium chloride 103 
H3C CH3
PBu3 Cl
 
(R)-Nopyl chloride (3.7 g, 20 mmol) and tributylphosphine (4.05 g, 20 mmol) in toluene (40 
ml) was heated under reflux for 24 h. The mixture was concentrated under reduced 
pressure to yield a residue as an oil, which was analysed by NMR spectroscopy (37 % 
conversion, calculated from 31P NMR). δP +33.97; m/z (EI) 387.2968 ([M+H]+ requires 
387.2955) 
 
5.2.3.13 Trioctyl(2-((5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl) phosphonium 
chloride 104 
H3C CH3
POct3 Cl
 
A mixture of nopyl chloride (3.7 g, 20 mmol) and trioctylphosphine (7.4 g, 20 mmol) in 
toluene (40 ml) was heated under reflux for 24 h. The mixture was concentrated under 
reduced pressure to yield a residue as an oil, which was analysed by NMR spectroscopy 
(19 % conversion, calculated from 31P NMR). δP +33.98; m/z (EI) 5554787 ([M+H]+ requires 
5554763) 
 
5.2.3.14 (5R)-2-(2-bromoethyl)-6,6-dimethylbicyclo[3.1.1]hept-2-ene 105 
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Thionyl bromide (4.14 g, 20 mmol) was added dropwise into a solution of nopol (1.66 g, 10 
mmol) in dichloromethane (50 ml) at 0 °C. The mixture was stirred for 6 h, and then 
concentrated by reduced pressure to yield the crude product. The crude product was 
redissolved in dichloromrthane (50 ml) and filtered through a plug of silic gel to give a 
brown oil (1.52 g, 66 %). δH (600 HMz; CDCl3) 0.82 (3 H, s, H-8, CH3), 1.16 (1 H, d, J 8.5, 
CH), 1.26 (3 H, s, CH3), 2.00 (1 H, t, J 5.5, CH), 2.07 (1 H, m, CH), 2.19 (2 H, dd, J 17.7, J 
5.5, CH), 2.35 (1 H, m, CH2), 2.51 (2 H, t, J 7.6, CH2), 3.33 (2 H, m, CH2), 5.31 (1 H, s, CH); 
δC 21.4 (C-8), 26.4 (C-9), 31.0 (C-11), 31.4 (C-6), 31.8 (C-1), 38.2 (C-7), 40.5 (C-2), 40.8 
(C-10), 45.5 (C-3), 119.4 (C-5), 145.2 (C-4).270  
 
5.2.3.15 Tributyl(2-((5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl) phosphonium 
bromide 106 
 
A solution of nopyl bromide (15.5 g, 63 mmol) and tributylphosphine (12.78 g, 63 mmol) in 
toluene (50 ml) was heated under reflux for 24 h. The mixture was concentrated by 
reduced pressure to yield a residue as an oil, which was analysed by NMR spectroscopy 
(36 % conversion, calculated from 31P NMR). δP +33.58; m/z (EI) 431.2456 ([M+H]+ 
requires 431.2450) 
 
5.2.3.16 Trioctyl(2-((5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl) phosphonium 
bromide 107 
H3C CH3
POct3 Br
 
A solution of nopyl bromide (15.5 g, 63 mmol) and trioctylphosphine (23.45 g, 63 mmol) in 
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toluene (50 ml) was heated under reflux for 24 h. The mixture was concentrated by 
reduced pressure to yield a residue as an oil, which was analysed by NMR spectroscopy 
(55 % conversion, calculated from 31P NMR). δP +33.58; m/z (EI) 599.4244 ([M+H]+ 
requires 599.4238).  
 
5.2.3.17 (5R)-2-(2-Iodoethyl)-6,6-dimethylbicyclo[3.1.1]hept-2-ene 108 
1
2
3
6
5
7
6
8 9
10 11
H3C CH3
I
 
Nopol tosylate (0.94 g, 3 mmol) ans sodium iodide (0.9 g, 6 mmol) were dissolved in 
DMSO (20 ml). The mixture was stirred at 70 °C for 4 h. The resultant solution was then 
quenched with water (3 ml) and extracted with diethyl ether (3 ml). The aqueous phase 
was extracted with diethyl ether 5 times. The diethyl ether was concentrated by reduced 
pressure to yield the product as a brown oil (0.64 g, 87%). δH (600 HMz; CDCl3) 0.82 (3 H, 
s, H-8, CH3), 1.16 (1 H, d, J 8.5, H-1a, CH), 1.26 (3 H, s, H-9, CH3), 1.98 (1 H, t, J 5.5, H-3, 
CH), 2.08 (1 H, brs, H-2, CH), 2.17 (2 H, dd, J 17.7, J 5.5, H-6, CH), 2.35 (1 H, m, H-1b, 
CH2), 2.54 (2 H, t, J 7.6, H-10, CH2), 3.11 (2 H, dt, J 8.2 and 9.4, H-11, CH2), 5.29 (1 H, s, 
CH); δC 3.8 (C-11), 21.2 (C-8), 26.3 (C-9), 31.4 (C-6), 31.8 (C-1), 38.2 (C-7), 40.7 (C-2), 
41.5 (C-10), 45.4 (C-3), 118.8 (C-5), 146.8 (C-4).271  
 
5.2.3.18 Tributyl(2-((5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl) phosphonium 
iodide 109 
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A solution of nopyl iodide (5.52 g, 20 mmol) and tributylphosphine (4.05 g, 20 mmol) in 
toluene (50 ml) was heated under reflux for 24 h. The mixture was concentrated by 
reduced pressure to yield the product as an oil. This crude product was dissolved in the 
eluant (eluant 95:5 dichloromethane/methanol), and purified by fitration through a pad of 
silica gel to give an oil (8.24 g, 83 %). IR vmax/cm (NaCl) 2875 (CH), 2940 (CH), 2956 (CH), 
1710 and 1680 (C=C), 1470 (P-C), 1450 and 1375 (CH3), 1025 (CH); δH (600 HMz; CDCl3) 
0.79 (3 H, s, H-8, CH3), 0.95 (9 H, t, J 7.6, H-15, CH3), 1.10 (1 H, d, J 8.5, H-1a, CH), 1.24 
(3 H, s, H-9, CH3), 1.52 (12 H, t, J 7.6, H-13,14 CH2), 1.98 (1 H, t, J 5.5, H-3, CH), 2.05 (1 H, 
brs, H-2, CH), 2.21 (2 H, dd, J 17.7, H-6, CH), 2.22 (2 H, m, H-11, CH2), 2.32 (1 H, s, H-1b, 
CH2), 2.39 (2 H, m, H-10, CH2), 2.46 (6 H, m, H-12, CH2), 5.37 (1 H, s, CH); δC 13.6 (C-15), 
17.4 (C-11, d, J 45), 19.3 (C-12, d, J 46), 21.3 (C-8), 23.9 (C-13, d, J 4), 24.1 (C-14), 26.2 
(C-9), 28.4 (C-10), 31.3 (C-6), 31.7 (C-1), 38.3 (C-7), 40.6 (C-2), 45.6 (C-3), 118.9 (C-5), 
144.6 (C-4); δP +33.75; m/z (EI) 479.2311 ([M+H]+ requires 479.2298). 
 
5.2.3.19 Trioctyl(2-((5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl) phosphonium 
iodide 110 
1
2
3
4
5
7
8 9
10 11 12
14 15
13
H3C CH3
P I
6
16 17
18 19
 
A solution of nopyl iodide (5.52 g, 20 mmol) and trioctylphosphine (7.4 g, 20 mmol) in 
toluene (50 ml) was heated under reflux for 24 h. The mixture was concentrated by 
reduced pressure to yield the product as a colour oil. This crude product was dissolved in 
the eluant (eluant 95:5 dichloromethane/methanol), and purified by fitration through a pad 
of silica gel to give an oil (9.54 g, 84 %). IR vmax/cm (NaCl) 2875 (CH), 2940 (CH), 2956 
(CH), 1710 and 1680 (C=C), 1470 (P-C), 1450 and 1375 (CH3), 1025 (CH); δH (600 HMz; 
CDCl3) 0.79 (3 H, s, H-8, CH3), 0.86 (9 H, t, J 7.6, H-19, CH3), 1.10 (1 H, d, J 8.5, H-1a, 
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CH), 1.24 (3 H, s, H-9, CH3), 1.25 - 1.79 (36 H, m, H-13,14,15,16,17,18, CH2), 1.98 (1 H, t, 
J 5.5, H-3, CH), 2.05 (1 H, brs, H-2, CH), 2.21 (2 H, dd, J 17.7, J 5.5, H-6, CH), 2.22 (2 H, 
m, H-11, CH2), 2.32 (1 H, s, H-1b, CH2), 2.39 (2 H, m, H-10, CH2), 2.47 (6 H, m, H-12, CH2), 
5.37 (1 H, s, CH); δC 14.2 (C-19), 19.9 (C-11, d, J 46) 19.5 (C-12, d, J 47.5), 21.3 (C-8), 
22.0 (C-15, d, J 5), 22.7 (C-16), 26.2 (C-9), 28.4 (C-10), 29.0 (C-18, d, J 4), 30.0 (C-13), 
30.8 (C-14, d, J 15), 31.3 (C-6), 31.7 (C-17), 31.8 (C-1), 38.3 (C-7), 40.6 (C-2), 45.6 (C-3), 
119.0 (C-5), 144.6 (C-4); δP +33.79; m/z (EI) 647.4211 ([M+H]+ requires 647.4176); [α]22D= 
-19 (19mg/10ml, MeOH). 
 
5.2.3.20 Tributyl(2-((5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl) phosphonium 
tetrafluoroborate 111 
H3C CH3
PBu3 BF4
 
A solution of sodium tetrafluoroborate (0.14 g, 1.2 mmol) in water (10 ml) was added slowly 
to a cold, rapidly stirring solution of nopylPBu3I (0.49 g, 1 mmol) in water (10 ml) and 
acetone (10 ml). The reaction mixture was stirred at RT for 36 h, and then was extracted 
with dichloromethane (2 x 25 ml). The combined organic phase as washed with cold 
aqueous sodium hydroxide solution (1 %, 2 x 10 ml), and then with water (6 x 10 ml). The 
mixture was dried over MgSO4, and then the solvent was removed under vacuum to yield a 
light yellow oil (0.45 g, 94 %). IR vmax/cm (NaCl) 2875 (CH), 2940 (CH), 2956 (CH), 1710 
and 1680 (C=C), 1470 (P-C), 1450 and 1375 (CH3), 1025 (CH); δH (600 HMz; CDCl3) 0.79 
(3 H, s, H-8, CH3), 0.95 (9 H, t, J 7.6, H-15, CH3), 1.12 (1 H, d, J 8.5, H-1a, CH), 1.25 (3 H, 
s, H-9, CH3), 1.51 (12 H, t, J 7.6, H-13,14 CH2), 2.03 (1 H, t, J 5.5, H-3, CH), 2.05 (1 H, brs, 
H-2, CH), 2.14 (6 H, m, H-12, CH2), 2.16 (2 H, dd, J 17.7, J 5.5, H-6, CH), 2.22 (2 H, m, 
H-11, CH2), 2.29 (1 H, s, H-1b, CH2), 2.39 (2 H, m, H-10, CH2), 5.36 (1 H, s, CH); δC 13.3 
(C-15, d, J 19), 16.4 (C-11, d, J 46), 18.3 (C-12, d, J 46), 21.1 (C-8), 23.6 (C-13, d, J 4), 
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24.0 (C-14), 26.1 (C-9), 28.1 (C-10), 31.3 (C-6), 31.7 (C-1), 38.2 (C-7), 40.6 (C-2), 45.5 
(C-16), 45.8 (C-3), 119.0 (C-5), 144.5 (C-4); δP +33.94, -137.84, -140.76, -143.70, -146.65, 
-149.58; m/z (EI) 439.3245 ([M+H]+ requires 439.3240); [α]22D= -18 (14mg/10ml, MeOH). 
 
5.2.3.21 Trioctyl(2-((5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl) phosphonium 
tetrafluoroborate 112 
H3C CH3
POct3 BF4
 
Prepared using method 3.2.3.20: sodium tetrafluoroborate (0.14 g, 1.2 mmol) and 
nopylPOct3I (0.64 g, 1 mmol) in water (10 ml) and acetone (10 ml). A solution of the crude 
product in dichloromethane (5 ml) was filtered through a plug of silic gel to give the product 
as a colourless oil (0.59 g, 95 %). IR vmax/cm (NaCl) 2875 (CH), 2940 (CH), 2956 (CH), 
1710 and 1680 (C=C), 1470 (P-C), 1450 and 1375 (CH3), 1025 (CH); δH (600 HMz; CDCl3) 
0.80 (3 H-21, CH3), 1.25-1.79 (36 H, m, H-13,14,15,16,17,18, CH2), 1.02 (1 H, t, J 5.5, H-3, 
CH, s, H-8, CH3), 1.13 (1 H, d, J 8.5, H-1a, CH), 1.24 (3 H, s, H-9, CH3), 1.36 (3 H, t, J 5.5, 
CH3), 2.09 (1 H, brs, H-2, CH), 2.15 (6 H, m, H-12, CH2), 2.19 (2 H, dd, J 17.7, J 5.5, H-6, 
CH), 2.23 (2 H, m, H-11, CH2), 2.28 (1 H, s, H-1b, CH2), 2.32 (6 H, m, H-12, CH2), 2.39 (2 H, 
m, H-10, CH2), 5.38 (1 H, s, CH); δC 14.1 (C-19), 16.6 (C-11, d, J 46) 18.4 (C-12, d, J 46), 
19.6 (C-8), 21.1 (C-15, d, J 4.5), 22.7 (C-16), 26.1 (C-9), 28.8 (C-18, d, J 4), 29.8 (C-13), 
30.7 (C-14, d, J 15), 30.8 (C-6), 31.8 (C-1), 31.8 (C-17), 35.5 (C-10), 38.2 (C-7), 40.6 (C-2), 
45.7 (C-3), 118.8 (C-5), 144.5 (C-4); δP +33.98, -136.84, -139.66, -142.62, -145.61, 
-148.52; m/z (EI) 607.5155 ([M+H]+ requires 607.5164); [α]22D= -18 (13mg/10ml, MeOH). 
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5.2.3.22 Tributyl(2-((5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl) phosphonium 
hexafluorophosphate 113 
H3C CH3
PBu3 PF6
 
Prepared using method 3.2.3.20: ΝopylPBu3I (10.39 g, 21 mmol) and sodium 
hexafluorophosphate (4.6 g, 27 mmol) was stirred for 48 h at RT. The crude product was 
dissolved in the 5:95 methanol/dichloromethane, and filtered through a plug of silica gel to 
give a yellow oil (9.2 g, 90 %) IR vmax/cm (NaCl) 2875 (CH), 2940 (CH), 2956 (CH), 1710 
and 1680 (C=C), 1470 (P-C), 1450 and 1375 (CH3), 1025 (CH); δH (600 HMz; CDCl3) 0.80 
(3 H, s, H-8, CH3), 0.94 (9 H, t, J 7.6, H-15, CH3), 1.11 (1 H, d, J 8.5, H-1a, CH), 1.20 (3 H, 
s, H-9, CH3), 1.49 (12 H, t, J 7.6, H-13,14 CH2), 2.01 (1 H, t, J 5.5, H-3, CH), 2.05 (1 H, brs, 
H-2, CH), 2.14 (6 H, m, H-12, CH2), 2.16 (2 H, dd, J 17.7, J 5.5, H-6, CH), 2.22 (2 H, m, 
H-11, CH2), 2.29 (1 H, s, H-1b, CH2), 2.40 (2 H, m, H-10, CH2), 5.36 (1 H, s, CH); δC 13.3 
(C-15, d, J 18.7), 16.4 (C-11, d, J 46), 18.3 (C-12, d, J 46), 21.1 (C-8), 23.6 (C-13, d, J 4), 
24.0 (C-14), 26.1 (C-9), 28.1 (C-10), 31.3 (C-6), 31.7 (C-1), 38.2 (C-7), 40.6 (C-2), 45.5 
(C-16), 45.8 (C-3), 119.0 (C-5), 144.5 (C-4); δP +34.00, -152.33, -149.56, -146.25, -143.70, 
-140.89, -137.81, -134.89; δF -72.58, -71.28; m/z (EI) 459.2947 ([M+H]+ requires 459.2938); 
[α]22D= -14 (14mg/10ml, MeOH). 
 
5.2.3.23 Trioctyl(2-((5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl) phosphonium 
hexafluorophosphate 114 
 
Prepared using method 3.2.3.20: nopylPOct3I (10.57 g, 16 mmol) and sodium 
hexafluorophosphate (3.6 g, 21 mmol) was stirred for 3 days at RT. This crude product was 
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dissolved in 5:95 methanol/dichloromethane and filtered through a plug of silica gel to give 
a colourless oil (7.2 g, 70%). IR vmax/cm (NaCl) 2875 (CH), 2940 (CH), 2956 (CH), 1710 
and 1680 (C=C), 1470 (P-C), 1450 and 1375 (CH3), 1025 (CH); δH (600 HMz; CDCl3) 0.79 
(3 H-21, CH3), 1.25-1.79 (36 H, m, H-13,14,15,16,17,18, CH2), 1.01 (1 H, t, J 5.5, H-3, CH, 
s, H-8, CH3), 1.10 (1 H, d, J 8.5, H-1a, CH), 1.23 (3 H, s, H-9, CH3), 1.37 (3 H, t, J 7.6, CH), 
2.08 (1 H, brs, H-2, CH), 2.15 (6 H, m, H-12, CH2), 2.18 (2 H, dd, J 17.7, J 5.5, H-6, CH), 
2.22 (2 H, m, H-11, CH2), 2.28 (1 H, s, H-1b, CH2), 2.31 (6 H, m, H-12, CH2), 2.39 (2 H, m, 
H-10, CH2), 5.38 (1 H, s, CH2); δC 14.2 (C-19), 16.6 (C-11, d, J 46) 18.4 (C-12, d, J 46), 
19.7 (C-8), 21.1 (C-15, d, J 5), 22.7 (C-16), 26.1 (C-9), 28.8 (C-18, d, J 4), 30.0 (C-13), 
30.8 (C-14, d, J 15), 30.8 (C-6), 31.8 (C-1), 31.8 (C-17), 35.5 (C-10), 38.2 (C-7), 40.6 (C-2), 
45.7 (C-3), 118.9 (C-5), 144.6 (C-4); δP +34.15, -134.87, -137.82, -140.75, -143.70, 
-146.63, -149.56, -152.51; δF -72.35, -71.10; m/z (EI) 627.4737 ([M+H]+ requires 627.4751); 
[α]22D= -14 (13mg/10ml, MeOH). 
 
5.2.3.24 Attempted synthesis of 2-((5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl 
trifluoromethanesulfonate 136 
 
Pyridine (1.6 ml) was added into the mixture of nopol (1.6 g, 10 mmol) and 
dichloromethane (15 ml). The mixture was cooled to -10 °C, trific anhydride (2.82 g, 10 
mmol) was added dropwise over a 30 min period. The mixture was stirred at 0 °C for 1 h. 
The reaction mixture was quenched by the addition of brine (20 ml), and then the aqueous 
was extracted with dichloromethane (3 x 30 ml). The combined organic extracts were dried 
over MgSO4, and then the solvent removed under vacuum to yield a black residue. 1H and 
13C NMR spectroscopy showed no desired product was formed. 
 
 209
Chapter 5  Experimental  
 
5.2.3.25 Attempted synthesis of ((5R)-6,6-dimethylbicyclo[3.1.1]heptan-2-yl)  
methanol 137 
 
Nopol (3.33 g, 20 mmol) and Pd/C (10 %, 0.5 g) were added into methanol (20 ml). The 
mixture was stirred overnight under hydrogen atmosphere. The slurry was then filtered 
through a celite pad to remove the catalyst. The pad was washed with methanol and the 
combined filtrates were concentrated under reduced pressure to give a blue oil.272 1H and 
13C NMR spectroscopy showed no desired product was formed. 
 
 
5.2.4 Preparation of ((4S,5S)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis(methylene) 
bisphosphonium bis(4-methylbenzenesulfonate) ILs 
5.2.4.1 (4S,5S)-Diethyl 2,2-dimethyl-1,3-dioxolane-4,5-dicarboxylate 115 
O
O
O
O
O
O
H3C
H3C
 
(S)-Diethyl tartrate (20.6 g, 100 mmol), 4-methylbenzenesulfonic acid (50 mg, 0.3 mmol) 
and 2,2-dimethoxypropane (11.4 ml, 110 mmol) were added into dry toluene (40 ml) in a 
round bottomed flask fitted with a Dean stark apparatus. The mixture was heated under 
reflux while the toluene-methanol azeotrope was collected. The resulting solution was 
concentrated under reduced pressure to yield a yellow oil (25.98 g, 33 %). δH (270 HMz; 
CDCl3) 1.35 (3 H, t, J 5.5, CH3), 1.50 (3 H, s, CH3), 1.52 (3 H, s, CH3), 4.25 (2 H, q, J 7.1, 
CH2), 4.75 (1 H, d, J 5.5, CH), 4.85 (1 H, d, J 5.1, CH); δC 14.1 (CH2CH3), 26.3 (CH3), 62.3 
(CH2CH3), 76.7 (CH), 77.2 (CH), 114.2 (C-3), 169.9 (C=O), 174.2(C=O).273 
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5.2.4.2 ((4R,5R)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)dimethanol 116 
 
Under an inert atmosphere lithium aluminum hydride (4.2 g, 50 mmol) was added to diethyl 
ether (40 ml) in a two-necked round-bottomed flask and heated under reflux for 30 min. 
The mixture was allowed to cooled to RT. (4S,5S)-Diethyl 2,2-dimethyl-1,3-dioxolane- 
4,5-dicarboxylate 115 (12.3 g) in ether (50 ml) was added dropwise without heating over a 
period of 2 h. The heat of reaction caused a gentle reflux. After addition of the diester was 
complete, the mixture was heating for 3 h, ethyl acetate (5 ml) was carefully added and the 
mixture was cooled to 0 °C. After successive cautious additions of water (4.2 ml), sodium 
hydroxide (4 M, 4.2 ml) and water (13 ml), the inorganic precipitate was filtered. The filtrate 
was extracted with ether (250 ml) and then washed with water (50 ml). The organic phase 
was dried over magnesium sulfate and and then filtered through fluted filter paper. The 
resulting solution was concentrated under reduced pressure to yield a yellow oil (7.13 g, 
44 %). IR vmax/cm (NaCl) 3410 (OH); δH (270 HMz; CDCl3) 1.40 (3 H, s, CH3), 2.65 (1 H, br 
s, OH), 3.60 (1 H, m, CH2), 3.71 (1 H, m, CH2), 3.96 (1 H, m, CH), δC 27.0 (CH3), 62.1 (CH), 
78.2 (CH2OH), 109.2 (C-3).274  
 
5.2.4.3 ((4R,5R)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis(methylene) 
bis(4-methylbenzenesulfonate) 117 
O
O
OTs
OTs
H3C
H3C  
The entire reaction was carried out in a fume cupboard. 
((4R,5R)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)dimethanol 116 (3.58 g, 22.1 mmol), and 
4-methyl- benzene-1-sulfonyl chloride (8.5 g, 44.2 mmol) were placed in a two-necked 
round-bottomed flask and dissolved in dry dichloromethane (30 ml). The flask was fitted 
with a dropping funnel and thermometer, and it was cooled to 0 °C in an ice-salt bath. 
Pyridine (7.2 g, 88.4 mmol) was added to the dropping funnel and was added slowly to the 
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reaction mixture whilst maintaining the temperature at 0-3 °C. When addition was complete, 
the ice-salt bath was removed and the mixture was stirred at RT for 4 h. The contents of 
the flask were then poured into a beaker contained ice (40 g). Concentrated sulfuric acid 
(18 ml) was added carefully, while stirring with a glass rod. The mixture was then poured 
into a separating funnel. Dichloromethane (100 ml) was added to the separating funnel and 
the organic phase was collected. The organic phase was then washed with water (2 x 50 
ml), dried over magnesium sulfate and then filtered through fluted filter paper. The resulting 
solution was concentrated under reduced pressure to yield a yellow oil (5.77 g, 56%). δH 
(270 HMz; CDCl3) 1.27 (3 H, s, CH3), 2.43 (3 H, s, CH3), 3.98 (2 H, CH2), 4.07 (1 H, t, J 5.5, 
CH), 7.32 (2 H, d, J 8, arylH), 7.77 (2 H, d, J 7.2, arylH); δC 21.8 (CH3Ar), 26.8 (CH3), 68.5 
(CH2), 75.6 (CH), 110.9 (C-3), 128.1 (C-1 and 1’ of tolyl), 130.1 (C-2 and 2’ of tolyl), 132.5 
(C-3 of tolyl), 145.3 (C-4 of tolyl).274  
 
5.2.4.4 Attempted synthesis of ((4S,5S)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis 
(methylene) bistriphenylphosphonium bis(4-methylbenzenesulfonate) 118 
 
Product 117 (0.26 g, 0.56 mmol) and triphenylphophosphine (0.30 g, 1.05 mmol) in toluene 
(40 ml) was heated under reflux for 20 h. The mixture was concentrated under reduced 
pressure to give a white solid. Analysis of the solid by NMR spectroscopy revealed 
unreacted starting material (100 %). PPh3, δP (CDCl3) -4.8 
 
5.2.4.5 ((4S,5S)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis (methylene) 
bistributylphosphonium bis(4-methylbenzenesulfonate) 119 
 
A solution of product 117 (0.26 g, 0.56 mmol) and tributylphosphine (0.226 g, 1.12 mmol) in 
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toluene (40 ml) was heated under reflux for 20 h. The mixture was concentrated under 
reduced pressure to yield a residue as a colourless oil, which was analysed by NMR 
spectroscopy (33 % conversion, calculated from 31P NMR). δP +35.6 
 
5.2.4.5 ((4S,5S)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis (methylene) 
bistrioctylphosphonium bis(4-methylbenzenesulfonate) 120 
 
A solution of product 117 (0.26 g, 0.56 mmol) and trioctylphosphine (0.42 g, 1.12 mmol) in 
toluene (40 ml) was heated under reflux for 20 h. The mixture was concentrated under 
reduced pressure to yield a residue as a colourless oil, which was analysed by NMR 
spectroscopy (11 % conversion, calculated from 31P NMR). δP +35.39  
 
 
5.2.5 Preparation of (S)-2-methylbutyl CILs 
5.2.5.1 Butyl 4-methylbenzenesulfonate 108 
 
Method 5.2.1.3a was used, using butan-1-ol (7.4 g, 100 mmol), 4-methylbenzene- 
1-sulfonyl chloride (19.1 g, 100 mmol) and pyridine (10 g, 125 mmol). The product was 
isolated as a colourless oil (16 g, 70 %). δH (270 HMz; CDCl3) 0.77 (3 H, t, J 7.5, CH3), 1.21 
(2 H, m, CH2), 1.51 (2 H, m, CH2), 2.40 (3 H, s, CH3), 3.99 (2 H, t, J 7.1, CH2), 7.45 (2 H, d, 
J 7.5, arylH), 7.77 (2 H, d, J 7.5, arylH); δC 13.3 (CH3(CH2)3O), 18.1 (CH3CH2(CH2)2O), 
21.2 (CH3), 30.3 (CH3CH2CH2CH2O), 70.7 (CH3(CH2)2CH2O), 128.1 (C-1 and 1’ of tolyl), 
130.1 (C-2 and 2’ of tolyl), 132.5 (C-3 of tolyl), 145.3 (C-4 of tolyl).275 
 
5.2.5.2 (S)-2-Methylbutyl 4-methylbenzenesulfonate 121 
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Method 5.2.1.3a was used, using (S)-methyl-1-butanol (4.4 g, 50 mmol), 4-methylbenzene- 
1-sulfonyl chloride (9.5 g, 50 mmol) and pyridine (5 g, 63 mmol). The crude product was 
chromatographed on silica gel using (eluant 15:85 ethyl actate/hexane) to afford a 
colourless oil (9.59 g, 71 %). δH (270 HMz; CDCl3) 0.79 (3 H, t, J 7.2, CH3), 0.83 (3 H, t, J 
7.2, CH3), 1.10 (1 H, m, CH), 1.35 (1 H, m, CH), 1.65 (1 H, m, CH), 2.41 (3 H, s, CH3), 3.84 
(2 H, m, CH2), 7.30 (2 H, d, J 7.6, arylH), 7.84 (2 H, d, J 7.6, arylH); δC 10.9 (CH3), 15.9 
(CH3CH), 21.6 (CH3), 25.4 (CH3CH2CH), 34.0 (CH), 75.8 (CH2O), 128.1 (C-1 and 1’ of tolyl), 
130.1 (C-2 and 2’ of tolyl), 132.5 (C-3 of tolyl), 145.3 (C-4 of tolyl).276  
 
5.2.5.3 (S)-2-Methylbutyl tributylphosphonium 4-methylbenzene-sulfonate 122 
 
A solution of (S)-2-methylbutyl 4-methylbenzenesulfonate (1 g, 6.6 mmol) and 
tributylphosphine (1.34 g, 6.6 mmol) in toluene (40 ml) was heated under reflux for 20 h. 
The mixture was concentrated under reduced pressure to yield a residue as an oil, which 
was analysed by NMR spectroscopy (15 % conversion, calculated from 31P NMR). δP 
+35.2; m/z (EI) 445.2827 ([M+H]+ requires 445.2838). 
 
5.2.5.4 (S)-2-Methylbutyl trioctylphosphonium 4-methylbenzene-sulfonate 123 
 
A solution of (S)-2-methylbutyl 4-methylbenzenesulfonate (1 g, 6.6 mmol) and 
trioctylphosphine (2.44 g, 6.6 mmol) in toluene (40 ml) was heated under reflux for 20 h. 
The mixture was concentrated under reduced pressure to yield a residue as an oil, which 
was analysed by NMR spectroscopy (34 % conversion, calculated from 31P NMR). δP 
+35.69; m/z (EI) 613.4737 ([M+H]+ requires 613.4749). 
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5.2.5.5 Attempted synthesis of (S)-2-methylbutyl triphenylphosphonium 
4-methylbenzene-sulfonate 124 
 
A solution of (S)-2-methylbutyl 4-methylbenzenesulfonate (1 g, 6.6 mmol) and 
triphenylphophosphine (1.74 g, 6.6 mmol) in toluene (40 ml) was heated under reflux for 20 
h. The mixture was concentrated under reduced pressure to give a yellow solid. Analysis of 
the solid by NMR spectroscopy revealed unreacted starting material (100 %). PPh3, δP 
(CDCl3) -4.8 
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5.3  Diels-Alder Reactions in Phosphonium Ionic Liquids 
 
General Method 
 
A mixture of phosphonium tosylate, diene and dienophile was sealed in a pyrex tube and 
stirred for the given time at the temperature specified. An aliquot of the reaction mixture 
was removed, transferred to an NMR tube and analysed by 1H NMR spectroscopy (600 
MHz, in CDCl3). The % conversion and selectivity were determined by conparsion of the 
intergration of the appropriate NMR signals of the product with the starting materials. In 
some cases, the product was recovered by extraction with diethyl ether or petroleum ether 
(b.p. 40-60 °C) and the residual PIL was removed by filtration through silica. The mixtures 
of product were separated by column chromatography (ethyl acetate/hexane 60:40) to give 
the pure products which were analysed by 1H NMR and 13C NMR spectroscopy.  
 
5.3.1 Diels-Alder Reactions of Cyclopentadiene with Methyl Acrylate 
5.3.1.1 Diels-Alder Reactions of Cyclopentadiene with Methyl Acrylate in 
Nopyltributylphosphonium Tosylate 
 
a. The reaction was conducted according to the general method: Cyclopentadiene 1 (204 
µl, 2.5 mmol), methyl acrylate 7 (225 µl, 2.5 mmol) and nopyltributylphosphonium 
tosylate (1 g, 1.9 mmol) were stirred at 0 °C for 2 h, (9 % conversion) to the products 
endo-methyl-bicylo[2.2.1]hept-5-ene-2-carboxylate 16 and exo-methylbicylo[2.2.1] 
hept-5-ene-2-carboxylate 17, endo/exo ratio 79:21.  
Endo-methyl bicylo[2.2.1]hept-5-ene-2-carboxylate 16; δH (CDCl3) 1.33-1.45 (3 H, m, 
CHCH2CHCO2-axial, CHCH2CH), 1.92 (1 H, dt, J 8.2, 4.4, CHCH2CHCO2-equ.), 
2.89-2.98 (2 H, m, CH2CHCHC=CH, CHCHC=O), 3.20 (1 H, brs, HC=CH-CHCHCO2), 
3.62 (3 H, s, CH3), 5.95 (1 H, dd, J 5.5, 3.4, HC=CHCHCHCO2), 6.19 (1 H, dd, J 5.5, 
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3.4, HC=CHCHCO2); δC 29.3 (CHCH2CHCO2), 42.5 (CH2CHCHC=CH), 43.2 (CHCO2), 
45.7 (HC=CHCHCHCO2), 49.6 (CHCH2CH), 51.7 (CH3), 132.2 (HC=CHCHCHCO2), 
137.7 (HC=CHCHCHCO2), 175.2 (CO2).177 Exo-methyl bicylo[2.2.1]hept-5-ene-2- 
carboxylate 17; δH 3.04 (1 H, brs, HC=CHCHCHCO2), 3.69 (3 H, s, CH3), 6.13 (2 H, m, 
HC=CHCHCO2);178 δC 30.4 (CHCH2CHCO2), 41.6 (CH2CHCHC=CH), 43.0 (CHCO2), 
46.4 (HC=CHCHCHCO2), 46.6 (CHCH2CH), 51.7 (CH3), 135.7 (HC=CHCHCHCO2), 
138.0 (HC=CHCHCHCO2), 176.7 (CO2).177 
 
b. The reaction was repeated (5.3.1.1a) at 0 °C for 24 h, 43 %, endo/exo ratio 73:27.  
c. The reaction was repeated (5.3.1.1a) at 20 °C for 2 h, 32 %, endo/exo ratio 80:20. 
d. The reaction was repeated (5.3.1.1a) at 20 °C for 24 h, 65 %, endo/exo ratio 79:21. 
e. The reaction was repeated (5.3.1.1a) at 40 °C for 2 h, 59 %, endo/exo ratio 76:24. 
f. The reaction was repeated (5.3.1.1a) at 40 °C for 24 h, 81 %, endo/exo ratio 74:26. 
g. The reaction was repeated (5.3.1.1a) at 70 °C for 24 h, 93 %, endo/exo ratio 75:25. 
h. Cyclopentadiene 1 (180 µl, 2.2 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
nopyltyltributylphosphonium tosylate (1 g, 1.9 mmol) with Al2O3 (0.75 g) were stirred at 
25 °C for 2 h. Products 16 and 17 were identified, endo/exo ratio 79:21 (39 % 
conversion). 
i. The reaction was repeated (5.3.1.1a) with SiO2 (0.75 g), 46 %, endo/exo ratio 84:16.  
j. The reaction was repeated (5.3.1.1a) with K-10 (0.75 g), 44 %, endo/exo ratio 83:17.  
k. Cyclopentadiene 1 (245 µl, 3 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
nopyltyltributylphosphonium tosylate (0.0438-1 g) were stirred at 21-22 °C for 2 h. 
Products 16 and 17 were identified, endo/exo ratio 84:16-77:23, (39-57 % conversion). 
l. Cyclopentadiene 1 (245 µl, 3 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
nopyltyltributylphosphonium tosylate (0.1-0.5 g) were reacted under ultrasonic for 0-2 
gave conversions for 0.1, 0.25, 0.50 g nopyltyltributylphosphonium tosylate of 77 %, 
78 %, 75 % with endo/exo ratio 81:19, 83:17, 73:27. 
m. Cyclopentadiene 1 (245 µl, 3 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
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nopyltyltributylphosphonium tosylate (0.5-1.5 ml) were reacted under microwave 
radiation for 10 s. Products 16 and 17 were identified, conversions for 0.5, 1.0, 1.5 ml 
nopyltyltributylphosphonium tosylate were 9.1 %, 27.7 %, 48.7 % with endo/exo ratio 
81:19, 83:17, 73:27. 
n. Cyclopentadiene 1 (245 µl, 3 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
nopyltyltributylphosphonium tosylate (1.5 ml) were reacted with SiO2 (0 - 0.50 g) under 
microwave radiation for 13 s. Products 16 and 17 were identified, conversions for 0, 
0.10, 0.25, 0.50 g SiO2 were 54.6 %, 62.4 %, 77.5 % 70 % with endo/exo ratio 80:20, 
82:18, 84:16, 84:16. 
o. The reaction was repeated (5.3.1.1a) with for 0.10, 0.25, 0.50 g Al2O3, 59.2 %, 65.5 %, 
58.7 % with endo/exo ratio 81:19, 83:17, 83:17. 
p. The reaction was repeated (5.3.1.1a) with for 0.10, 0.25, 0.50 g K-10, 68 %, 82.1 %, 
74.5 % with endo/exo ratio 82:18, 84:16, 85:15. 
 
 
5.3.1.2 Diels-Alder Reactions of Cyclopentadiene with Methyl Acrylate in 
Nopyltrioctylphosphonium Tosylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), methyl acrylate 29 (225 µl, 2.5 mmol) and 
nopyltrioctylphosphonium tosylate (1 g, 1.4 mmol) were stirred for 2 h at 0 °C. 
Products 16 and 17 were identified, endo/exo ratio 68:32 (11 % conversion). 
b. The reaction was repeated (5.3.1.1a) at 0 °C for 24 h, 40 %, endo/exo ratio 77:23.  
c. The reaction was repeated (5.3.1.1a) at 20 °C for 2 h, 35 %, endo/exo ratio 79:21. 
d. The reaction was repeated (5.3.1.1a) at 20 °C for 24 h, 71 %, endo/exo ratio 78:22. 
e. The reaction was repeated (5.3.1.1a) at 40 °C for 2 h, 59 %, endo/exo ratio 76:24. 
f. The reaction was repeated (5.3.1.1a) at 40 °C for 24 h, 81 %, endo/exo ratio 76:24. 
g. Cyclopentadiene 1 (245 µl, 3 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
nopyltyltributylphosphonium tosylate (1 g, 1.4 mmol) were stirred at 20 °C for 2 h. 
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Products 16 and 17 were identified, endo/exo ratio 78:22 (39 % conversion). 
h. The reaction was repeated (5.3.1.1a) at 20 °C for 24 h, 60 %, endo/exo ratio 77:23. 
i. Cyclopentadiene 1 (163 µl, 2 mmol), methyl acrylate 7 (270 µl, 3 mmol) and 
nopyltyltributylphosphonium tosylate (1 g, 1.4 mmol) were stirred at 20 °C for 2 h. 
Products 16 and 17 were identified, endo/exo ratio 79:21 (41 % conversion). 
j. The reaction was repeated (5.3.1.1a) at 20 °C for 24 h, 90 %, endo/exo ratio 74:26. 
k. Cyclopentadiene 1 (180 µl, 2.2 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
nopyltyltrioctylphosphonium tosylate (1 g, 1.4 mmol) were stirred at 25 °C for 2 h. 
Products 16 and 17 were identified, endo/exo ratio 81:19 (33 % conversion). 
l. The reaction was repeated (5.3.1.1a) with Al2O3 (0.75 g), 29 %, endo/exo ratio 82:18.  
m.  The reaction was repeated (5.3.1.1a) with SiO2 (0.75 g), 35 %, endo/exo ratio 85:15.  
n. The reaction was repeated (5.3.1.1a) with K-10 (0.75 g), 35 %, endo/exo ratio 80:20.  
o. Cyclopentadiene 1 (245 µl, 3 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
nopyltyltrioctylphosphonium tosylate (1 g, 1.4 mmol) were stirred at 20 °C for 24 h. 
Products 16 and 17 were identified, endo/exo ratio 77:23 (80 % conversion). 
The products were isolated by extraction with petroleum ether (b.p. 40-60 °C), and 
nopyltyltrioctylphosphonium tosylate was dried over vacuum for next run. The 
reactants were added into the nopyltyltrioctylphosphonium tosylate from previous run, 
and the process was repeated four times. The conversion and endo/exo ratios for 
second, third, fourth runs were 79 %, 76 %, 75 %; 76:24, 76:24, 75:25. 
 
5.3.1.3 Diels-Alder Reactions of Cyclopentadiene with Methyl Acrylate in 
Nopyltribuylphosphonium Iodide 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), methyl acrylate 7 (225 µl, 2.5 mmol) and 
nopyltributylphosphonium iodide (1 g, 2.1 mmol) were stirred for 2 h at 0 °C. Products 
16 and 17 were identified, endo/exo ratio 85:15 (13 % conversion). 
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b. The reaction was repeated (5.3.1.1a) at 0 °C for 24 h, 48 %, endo/exo ratio 80:20.  
c. The reaction was repeated (5.3.1.1a) at 20 °C for 2 h, 34 %, endo/exo ratio 83:17. 
d. The reaction was repeated (5.3.1.1a) at 20 °C for 24 h, 92 %, endo/exo ratio 80:20. 
e. The reaction was repeated (5.3.1.1a) at 40 °C for 2 h, 66 %, endo/exo ratio 77:23. 
f. The reaction was repeated (5.3.1.1a) at 40 °C for 24 h, 80 %, endo/exo ratio 70:30. 
g. Cyclopentadiene 1 (180 µl, 2.2 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
nopyltributylphosphonium iodide (1 g, 2.1 mmol) were stirred at 25 °C for 2 h. Products 
16 and 17 were identified, endo/exo ratio 81:19 (45 % conversion). 
h. Cyclopentadiene 1 (180 µl, 2.2 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
nopyltributylphosphonium iodide (1 g, 2.1 mmol) with Al2O3 (0.75 g) were stirred at 
25 °C for 2 h. Products 16 and 17 were identified, endo/exo ratio 77:23 (43 % 
conversion). 
i. The reaction was repeated (5.3.1.1a) with SiO2 (0.75 g), 45 %, endo/exo ratio 83:17.  
j. Cyclopentadiene 1 (245 µl, 3 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
nopyltributylphosphonium iodide (0.05-0.335 g) were stirred at 21-22 °C for 2 h. 
Products 16 and 17 were identified, endo/exo ratios were 84:16 - 77:23. The 
conversions were 39-57 %. 
 
5.3.1.4 Diels-Alder Reactions of Cyclopentadiene with Methyl Acrylate in 
Nopyltrioctylphosphonium Iodide 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), methyl acrylate 7 (225 µl, 2.5 mmol) and 
nopyltrioctylphosphonium iodide (1 g, 1.5 mmol) were stirred for 2 h at 0 °C. Products 
16 and 17 were identified, endo/exo ratio 81:19 (11 % conversion). 
b. The reaction was repeated (5.3.1.1a) at 0 °C for 24 h, 44 %, endo/exo ratio 80:20.  
c. The reaction was repeated (5.3.1.1a) at 20 °C for 2 h, 35 %, endo/exo ratio 81:19. 
d. The reaction was repeated (5.3.1.1a) at 20 °C for 24 h, 65 %, endo/exo ratio 79:21. 
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e. The reaction was repeated (5.3.1.1a) at 40 °C for 2 h, 62 %, endo/exo ratio 76:24. 
f. The reaction was repeated (5.3.1.1a) at 40 °C for 24 h, 83 %, endo/exo ratio 76:24. 
g. Cyclopentadiene 1 (180 µl, 2.2 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
nopyltrioctylphosphonium iodide (1 g, 1.5 mmol) were stirred at 25 °C for 2 h. Products 
16 and 17 were identified, endo/exo ratio 80:20 (39 % conversion). 
h. Cyclopentadiene 1 (180 µl, 2.2 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
nopyltrioctylphosphonium iodide (1 g, 1.5 mmol) with Al2O3 (0.75 g) were stirred at 
25 °C for 2 h. Products 16 and 17 were identified, endo/exo ratio 88:12 (45 % 
conversion). 
i. The reaction was repeated (5.3.1.1a) with SiO2 (0.75 g), 49 %, endo/exo ratio 86:14.  
j. The reaction was repeated (5.3.1.1a) with K-10 (0.75 g), 45 %, endo/exo ratio 87:13.  
 
5.3.1.5 Diels-Alder Reactions of Cyclopentadiene with Methyl Acrylate in 
Nopyltribuylphosphonium Mesylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), methyl acrylate 7 (225 µl, 2.5 mmol) and 
nopyltributylphosphonium mesylate (1 g, 2.2 mmol) were stirred for 2 h at 0 °C. 
Products 16 and 17 were identified, endo/exo ratio 78:22 (7 % conversion). 
b. The reaction was repeated (5.3.1.1a) at 0 °C for 24 h, 37 %, endo/exo ratio 81:19.  
c. The reaction was repeated (5.3.1.1a) at 20 °C for 2 h, 28 %, endo/exo ratio 82:18. 
d. The reaction was repeated (5.3.1.1a) at 20 °C for 24 h, 72 %, endo/exo ratio 79:21. 
e. The reaction was repeated (5.3.1.1a) at 40 °C for 2 h, 61 %, endo/exo ratio 78:22. 
f. The reaction was repeated (5.3.1.1a) at 40 °C for 24 h, 83 %, endo/exo ratio 79:21. 
g. Cyclopentadiene 1 (180 µl, 2.2 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
nopyltributylphosphonium mesylate (1 g, 2.2 mmol) were stirred at 25 °C for 2 h. 
Products 16 and 17 were identified, endo/exo ratio 81:19 (23 % conversion). 
h. Cyclopentadiene 1 (180 µl, 2.2 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
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nopyltributylphosphonium iodide (1 g, 2.1 mmol) with Al2O3 (0.75 g) were stirred at 
25 °C for 2 h. Products 16 and 17 were identified, endo/exo ratio 79:21 (31 % 
conversion). 
i. The reaction was repeated (5.3.1.1a) with SiO2 (0.75 g), 33 %, endo/exo ratio 85:15.  
j. The reaction was repeated (5.3.1.1a) with K-10 (0.75 g), 31 %, endo/exo ratio 79:21.  
 
5.3.1.6 Diels-Alder Reactions of Cyclopentadiene with Methyl Acrylate in 
Nopyltrioctylphosphonium Mesylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), methyl acrylate 7 (225 µl, 2.5 mmol), and 
nopyltrioctylphosphonium mesylate (1 g, 1.6 mmol) were stirred for 2 h at 0 °C. 
Products 16 and 17 were identified, endo/exo ratio 78:22 (9 % conversion). 
b. The reaction was repeated (5.3.1.1a) at 0 °C for 24 h, 37 %, endo/exo ratio 78:22.  
c. The reaction was repeated (5.3.1.1a) at 20 °C for 2 h, 25 %, endo/exo ratio 78:22. 
d. The reaction was repeated (5.3.1.1a) at 20 °C for 24 h, 69 %, endo/exo ratio 78:22. 
e. The reaction was repeated (5.3.1.1a) at 40 °C for 2 h, 54 %, endo/exo ratio 77:23. 
f. The reaction was repeated (5.3.1.1a) at 40 °C for 24 h, 67 %, endo/exo ratio 61:39. 
 
5.3.1.7 Diels-Alder Reactions of Cyclopentadiene with Methyl Acrylate in 
Nopyltribuylphosphonium Esylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), methyl acrylate 7 (225 µl, 2.5 mmol) and 
nopyltributylphosphonium esylate (1 g, 2.2 mmol) were stirred for 2 h at 0 °C. Products 
16 and 17 were identified, endo/exo ratio 82:18 (9 % conversion). 
b. The reaction was repeated (5.3.1.1a) at 0 °C for 24 h, 38 %, endo/exo ratio 78:22.  
c. The reaction was repeated (5.3.1.1a) at 20 °C for 2 h, 27 %, endo/exo ratio 78:22. 
 222
Chapter 5  Experimental  
 
d. The reaction was repeated (5.3.1.1a) at 20 °C for 24 h, 69 %, endo/exo ratio 75:25. 
e. The reaction was repeated (5.3.1.1a) at 40 °C for 2 h, 55 %, endo/exo ratio 77:23. 
f. The reaction was repeated (5.3.1.1a) at 40 °C for 24 h, 80 %, endo/exo ratio 75:25. 
 
5.3.1.8 Diels-Alder Reactions of Cyclopentadiene with Methyl Acrylate in 
Nopyltrioctylphosphonium Esylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), methyl acrylate 7 (225 µl, 2.5 mmol) and 
nopyltrioctylphosphonium esylate (1 g, 1.6 mmol) were stirred for 2 h at 0 °C. Products 
16 and 17 were identified, endo/exo ratio 81:19 (8 % conversion). 
b. The reaction was repeated (5.3.1.1a) at 0 °C for 24 h, 37 %, endo/exo ratio 78:22.  
c. The reaction was repeated (5.3.1.1a) at 20 °C for 2 h, 23 %, endo/exo ratio 78:22. 
d. The reaction was repeated (5.3.1.1a) at 20 °C for 24 h, 67 %, endo/exo ratio 77:23. 
e. The reaction was repeated (5.3.1.1a) at 40 °C for 2 h, 57 %, endo/exo ratio 76:24. 
f. The reaction was repeated (5.3.1.1a) at 40 °C for 24 h, 79 %, endo/exo ratio 76:24. 
 
5.3.1.9 Diels-Alder Reactions of Cyclopentadiene with Methyl Acrylate in 
triisobutyl(methyl)phosphonium tosylate  
 
a. Cyclopentadiene 1 (245 µl, 3 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
triisobutyl(methyl)phosphonium tosylate (0-0.383 g) were stirred at 22 °C for 2 h. 
Products 16 and 17 were identified, endo/exo ratios were 71:29-80:20, and the 
conversion s were 46-55 %. 
b. The reaction was repeated (5.3.1.1a) in triisobutyl(methyl)phosphonium tosylate 
(0-0.335 g) at 30 °C for 2 h. Products 16 and 17 were identified, endo/exo ratios were 
75:25-79:21 and conversions were 70-75.9 %. 
c. Cyclopentadiene 1 (245 µl, 3 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
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triisobutyl(methyl)phosphonium tosylate (1 g) were reacted under ultrasonic for 0-2 h. 
Products 16 and 17 were identified, conversions for 0.5 h, 1 h, 2 h were 40 %, 74 %, 
91 % with endo/exo ratio 74:24, 75:25, 72:28. 
d. Cyclopentadiene 1 (164 µl, 2 mmol), methyl acrylate 7 (180 µl, 2 mmol) under 
ultrasonic for 2 h, 81 %, endo/exo ratio 76:24. 
e. Cyclopentadiene 1 (245 µl, 3 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
triisobutyl(methyl)phosphonium tosylate (0.1-0.5 g) were reacted under ultrasonic for 1 
h. Products 16 and 17 were identified, conversions for 0.1 g, 0.25 g, 0.5 g were 80 %, 
83 %, 79 % with endo/exo ratio 76:24, 76:24, 77:23. 
e. Cyclopentadiene 1 (245 µl, 3 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
triisobutyl(methyl)phosphonium tosylate (0.5-2 ml) were reacted under microwave 
irradiation for 10 s. Products 16 and 17 were identified, conversions for 0.5 ml, 1.0 ml, 
1.5 ml and 2 ml triisobutyl(methyl)phosphonium tosylate were 8 %, 29 %, 45 %, 13 % 
with endo/exo ratio 77:23, 77:23, 74:26, 81:19. 
f. Cyclopentadiene 1 (245 µl, 3 mmol), methyl acrylate 7 (180 µl, 2 mmol) and 
nopyltyltributylphosphonium tosylate (1.5 ml) were reacted with SiO2 (0-0.50 g) under 
microwave radiation for 13 s. Products 16 and 17 were identified, conversions for 0 g, 
0.25 g, 0.5 g SiO2 were 56.2 %, 78.4 %, 71.5 % with endo/exo ratio 75:25, 82:18, 
83:17. 
 
5.3.2 Diels-Alder Reactions of Cyclopentadiene with Methyl Vinyl Ketone 
5.3.2.1 Diels-Alder Reactions of Cyclopentadiene with Methyl Vinyl Ketone in 
Nopyltributylphosphonium Tosylate 
 
a. The reaction was conducted according to the general method: Cyclopentadiene 1 (204 
µl, 2.5 mmol), methyl vinyl ketone 8 (218 µl, 2.5 mmol) and nopyltriobutylphosphonium 
tosylate (1 g, 1.9 mmol) were stirred for 2 h at 0 °C. The products were identified as 
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endo-2-acetylbicylo[2.2.1]hept-5-ene 18 and exo-2-acetylbicylo[2.2.1]hept-5- ene 19  
and dicyclopentadiene, endo/exo ratio 83:17 (41 % conversion).  
Endo-2-Acetyl- bicylo[2.2.1]hept-5-ene 18; δH 1.33 (1 H, m, CHCH2CHC=O-axial), 
1.45 (2 H, m, CHCH2CH), 1.75 (1 H, dt, J 8.8, 4.2, CHCH2CHC=O -equ.), 2.13 (3 H, s, 
CH3), 2.90 (1 H, brs, CH2CHCHC=CH), 2.99 (1 H, t, J 4.1, CHCHC=O), 3.24 (1 H, brs, 
HC=CHCHCHC=O) 5.85 (1 H, dd, J 5.5, 3.4, HC=CHCHCHC=O), 6.15 (1 H, dd, J 5.5, 
3.4, HC=CHCHCHC=O); δC 27.4 (CHCH2CHC=O), 29.3 (CH3), 42.7, 
(CH2CHCHC=CH), 45.9 (HC=CHCHCHC=O), 50.0 (CHCH2CH), 52.4 (CHC=O), 131.3 
(HC=CHCHCHC=O), 137.9 (HC=CHCHCHC=O), 209.0 (C=O).179 exo-2-Acetylbicylo- 
[2.2.1]hept-5-ene 19; δH 1.27 (1 H, m, CHCH2CHC=O-axial), 1.85 (3 H, m, CHCH2CH 
and CHCH2CHC=O-equ.), 2.22 (3 H, s, CH3), 2.39 (1 H, m, CHCHC=O), 2.90 (1 H, brs, 
CH2CHC=CH), 3.03 (1 H, dd, J 8, 3, HC=CHCHCHC=O), 6.15 (1 H, m, 
HC=CHCHC=O);179 δC 29.1 (CHCH2 CHC=O), 29.9 (CH3), 41.7, (CH2CHC=CH), 45.4, 
HC=CHCHCHCHC=O), 45.6 (CHCH2CH), 51.7 (CHC=O), 135.8 (HC=CHCHCHC=O), 
138.3 (HC=CH CHCHC=O), 210.5 (C=O).179 
b. The reaction was repeated (5.3.2.1a) at 0 °C for 24 h, 78 %, endo/exo ratio 83:17.  
c. The reaction was repeated (5.3.2.1a) at 20 °C for 2 h, 85 %, endo/exo ratio 82:18. 
d. The reaction was repeated (5.3.2.1a) at 20 °C for 24 h, 92 %, endo/exo ratio 83:17. 
e. The reaction was repeated (5.3.2.1a) at 40 °C for 2 h, 98 %, endo/exo ratio 80:20. 
f. The reaction was repeated (5.3.2.1a) at 40 °C for 24 h, 91 %, endo/exo ratio 81:19. 
g.   The reaction was repeated (5.3.2.1a) at 70 °C for 24 h, 89 %, endo/exo ratio 54:46. 
 
5.3.4.2 Diels-Alder Reactions of Cyclopentadiene with Methyl Vinyl Ketone in 
Nopyltrioctylphosphonium Tosylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), methyl vinyl ketone 8 (218 µl, 2.5 mmol) and 
nopyltrioctylphosphonium tosylate (1 g, 1.4 mmol) were stirred for 2 h at 0 °C. 
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Products 18 and 19, and dicyclopentadiene were identified, endo/exo ratio 80:20 
(31 % conversion). 
b. The reaction was repeated (5.3.2.1a) at 0 °C for 24 h, 70 %, endo/exo ratio 83:17.  
c. The reaction was repeated (5.3.2.1a) at 20 °C for 2 h, 83 %, endo/exo ratio 82:18. 
d. The reaction was repeated (5.3.2.1a) at 20 °C for 24 h, 90 %, endo/exo ratio 84:16. 
e. The reaction was repeated (5.3.2.1a) at 40 °C for 2 h, 96 %, endo/exo ratio 83:17. 
f. The reaction was repeated (5.3.2.1a) at 40 °C for 24 h, 89 %, endo/exo ratio 80:20. 
 
5.3.2.3 Diels-Alder Reactions of Cyclopentadiene with Methyl Vinyl Ketone in 
Nopyltributylphosphonium Iodide 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), methyl vinyl ketone 8 (218 µl, 2.5 mmol) and 
nopyltributylphosphonium iodide (1 g, 2.1 mmol) were stirred for 2 h at 0 °C. Products 
18 and 19, and dicyclopentadiene were identified, endo/exo ratio 82:18 (60 % 
conversion). 
b. The reaction was repeated (5.3.2.1a) at 0 °C for 24 h, 82 %, endo/exo ratio 85:15.  
c. The reaction was repeated (5.3.2.1a) at 20 °C for 2 h, 90 %, endo/exo ratio 83:17. 
d. The reaction was repeated (5.3.2.1a) at 20 °C for 24 h, 91 %, endo/exo ratio 84:16. 
e. The reaction was repeated (5.3.2.1a) at 40 °C for 2 h, 99 %, endo/exo ratio 81:19. 
f. The reaction was repeated (5.3.2.1a) at 40 °C for 24 h, 89 %, endo/exo ratio 83:17. 
g. The reaction was repeated (5.3.2.1a) with K-10 (0.75 g) at 22 °C for 5 min, 95 %, 
endo/exo ratio 95:5. 
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5.3.2.4 Diels-Alder Reactions of Cyclopentadiene with Methyl Vinyl Ketone in 
Nopyltrioctylphosphonium Iodide 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), methyl vinyl ketone 8 (218 µl, 2.5 mmol) and 
nopyltrioctylphosphonium iodide (1 g, 1.5 mmol) were stirred for 2 h at 0 °C. Products 
18 and 19, and dicyclopentadiene were identified, endo/exo ratio 84:16 (57 % 
conversion). 
b. The reaction was repeated (5.3.2.1a) at 0 °C for 24 h, 76 %, endo/exo ratio 84:16.  
c. The reaction was repeated (5.3.2.1a) at 20 °C for 2 h, 88 %, endo/exo ratio 83:17. 
d. The reaction was repeated (5.3.2.1a) at 20 °C for 24 h, 90 %, endo/exo ratio 84:16. 
e. The reaction was repeated (5.3.2.1a) at 40 °C for 2 h, 98 %, endo/exo ratio 82:18. 
f. The reaction was repeated (5.3.2.1a) at 40 °C for 24 h, 87 %, endo/exo ratio 82:18 
5.3.2.5 Diels-Alder Reactions of Cyclopentadiene with Methyl Vinyl Ketone in    
Nopyltributylphosphonium Mesylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), methyl vinyl ketone 8 (218 µl, 2.5 mmol) and 
nopyltributylphosphonium mesylate (1 g, 2.2 mmol) were stirred for 2 h at 0 °C. 
Products 18 and 19, and dicyclopentadiene were identified, endo/exo ratio 84:16 
(64 % conversion). 
b. The reaction was repeated (5.3.2.1a) at 0 °C for 24 h, 90 %, endo/exo ratio 84:16.  
c. The reaction was repeated (5.3.2.1a) at 20 °C for 2 h, 94 %, endo/exo ratio 82:18. 
d. The reaction was repeated (5.3.2.1a) at 20 °C for 24 h, 91 %, endo/exo ratio 84:16. 
e. The reaction was repeated (5.3.2.1a) at 40 °C for 2 h, 99 %, endo/exo ratio 80:20. 
f. The reaction was repeated (5.3.2.1a) at 40 °C for 24 h, 87 %, endo/exo ratio 82:18. 
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5.3.2.6 Diels-Alder Reactions of Cyclopentadiene with Methyl Vinyl Ketone in 
Nopyltrioctylphosphonium Mesylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), methyl vinyl ketone 8 (218 µl, 2.5 mmol) and 
nopyltrioctylphosphonium mesylate (1 g, 1.6 mmol) were stirred for 2 h at 0 °C. 
Products 18 and 19, and dicyclopentadiene were identified, endo/exo ratio 84:16 
(61 % conversion). 
b. The reaction was repeated (5.3.2.1a) at 0 °C for 24 h, 88 %, endo/exo ratio 84:16.  
c. The reaction was repeated (5.3.2.1a) at 20 °C for 2 h, 91 %, endo/exo ratio 84:16. 
d. The reaction was repeated (5.3.2.1a) at 20 °C for 24 h, 89 %, endo/exo ratio 83:17. 
e. The reaction was repeated (5.3.2.1a) at 40 °C for 2 h, 98 %, endo/exo ratio 80:20. 
f. The reaction was repeated (5.3.2.1a) at 40 °C for 24 h, 89 %, endo/exo ratio 82:18 
 
5.3.2.7 Diels-Alder Reactions of Cyclopentadiene with Methyl Vinyl Ketone in 
Nopyltributylphosphonium Esylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), methyl vinyl ketone 8 (218 µl, 2.5 mmol) and 
nopyltributylphosphonium esylate (1 g, 2.2 mmol) were stirred for 2 h at 0 °C. Products 
18 and 19, and dicyclopentadiene were identified, endo/exo ratio 84:16 (62 % 
conversion). 
b. The reaction was repeated (5.3.2.1a) at 0 °C for 24 h, 88 %, endo/exo ratio 83:17.  
c. The reaction was repeated (5.3.2.1a) at 20 °C for 2 h, 90 %, endo/exo ratio 83:17. 
d. The reaction was repeated (5.3.2.1a) at 20 °C for 24 h, 91 %, endo/exo ratio 83:17. 
e. The reaction was repeated (5.3.2.1a) at 40 °C for 2 h, 98 %, endo/exo ratio 79:21. 
f. The reaction was repeated (5.3.2.1a) at 40 °C for 24 h, 88 %, endo/exo ratio 77:23. 
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5.3.2.8 Diels-Alder Reactions of Cyclopentadiene with Methyl Vinyl Ketone in 
Nopyltrioctylphosphonium Esylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), methyl vinyl ketone 8 (218 µl, 2.5 mmol) and 
nopyltrioctylphosphonium esylate (1 g, 1.6 mmol) were stirred for 2 h at 0 °C. Products 
18 and 19, and dicyclopentadiene were identified, endo/exo ratio 84:16 (58 % 
conversion). 
b. The reaction was repeated (5.3.2.1a) at 0 °C for 24 h, 87 %, endo/exo ratio 83:17.  
c. The reaction was repeated (5.3.2.1a) at 20 °C for 2 h, 91 %, endo/exo ratio 83:17. 
d. The reaction was repeated (5.3.2.1a) at 20 °C for 24 h, 88 %, endo/exo ratio 83:17. 
e. The reaction was repeated (5.3.2.1a) at 40 °C for 2 h, 98 %, endo/exo ratio 79:21. 
f. The reaction was repeated (5.3.2.1a) at 40 °C for 24 h, 90 %, endo/exo ratio 77:23 
 
5.3.3 Diels-Alder Reactions of Cyclopentadiene with Dimethyl Maleate 
5.3.3.1 Diels-Alder Reactions of Cyclopentadiene with Dimethyl Maleate in 
Nopyltributylphosphonium Tosylate 
 
a. The reaction was conducted according to the general method: Cyclopentadiene 1 (204 
mg, 2.5 mmol), dimethyl maleate 10 (313 µl, 2.5 mmol) and nopyltributylphosphonium 
tosylate (1 g, 1.9 mmol) were stirred at 0 °C for 24 h. Products 24 and 25 were 
identified, endo/exo ratio 83:17 (31 % conversion).  
Endo,endo-Dimethyl bicylo[2.2.1]-hept-5-ene-2,3-dicarboxylate 24; δH 1.33 (1 H, d, J 8, 
CHCH2CH-anti), 1.47 (1 H, dt, J 8, 2 CHCH2CH-syn), 3.17 (2 H, m, 2x CHCO2), 3.29 (2 
H, T, J 7.6, J 2, CHCH2CH), 3.61 (6 H, s, CH3), 6.26 (2 H, m, HC=CH),178 δC 45.5 
(CHCH2CH), 46.3 (2 C, CHCO2), 48.1 (2 C, CHCH2CH), 51.5 (2 C, OCH3), 134.9 (2 C, 
HC=CH), 172.9 (CO2). exo,exo-Dimethyl bicylo[2.2.1]hept-5-ene-2,3- dicarboxylate 25; 
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δH 1.48 (2 H, m, CHCH2CH), 2.62 (2 H, D, J 2, 2x CHCO2), 3.09 (2 H, m, CHCH2CH), 
3.66 (6 H, s, CH3), 6.21 (2 H, m, HC=CH);178 δC 45.4 (CHCH2CH), 47.2 (2 C, CHCO2), 
48.7 (2 C, CHCH2CH), 51.8 (OCH3), 138.0 (HC=CH), 174.0 (CO2). 
b. The reaction was repeated (5.3.3.1a) at 0 °C for 2 h. Unreacted starting materials were 
identified. 
c. The reaction was repeated (5.3.3.1a) at 20 °C for 2 h, 15 %, endo/exo ratio 83:17. 
d. The reaction was repeated (5.3.3.1a) at 20 °C for 24 h, 60 %, endo/exo ratio 82:18. 
 
5.3.3.2 Diels-Alder Reactions of Cyclopentadiene with Dimethyl Maleate in 
Nopyltrioctylethylphosphonium Tosylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), dimethyl maleate 10 (313 µl, 2.5 mmol) and 
nopyltrioctylphosphonium tosylate (1 g, 1.4 mmol) were stirred at 0 °C for 2 h. 
Unreacted starting materials were identified. 
b. The reaction was repeated (5.3.3.1a) at 20 °C for 2 h, 29 %, endo/exo ratio 78:22. 
c. The reaction was repeated (5.3.3.1a) at 20 °C for 2 h, 18 %, endo/exo ratio 81:19. 
d. The reaction was repeated (5.3.3.1a) at 20 °C for 24 h, 59 %, endo/exo ratio 79:21. 
 
5.3.3.3 Diels-Alder Reactions of Cyclopentadiene with Dimethyl Maleate in 
Nopyltributylethylphosphonium Iodide 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), dimethyl maleate 10 (313 µl, 2.5 mmol) and 
nopyltributylphosphonium tosylate (1 g, 2.1 mmol) were stirred at 0 °C for 2 h. 
Unreacted starting materials were identified. 
b. The reaction was repeated (5.3.3.1a) at 20 °C for 2 h, 32 %, endo/exo ratio 88:12. 
c. The reaction was repeated (5.3.3.1a) at 20 °C for 2 h, 17 %, endo/exo ratio 83:17. 
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d. The reaction was repeated (5.3.3.1a) at 20 °C for 24 h, 60 %, endo/exo ratio 83:17. 
 
5.3.3.4 Diels-Alder Reactions of Cyclopentadiene with Dimethyl Maleate in 
Nopyltrioctylethylphosphonium Iodide 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), dimethyl maleate 10 (313 µl, 2.5 mmol) and 
nopyltrioctylphosphonium tosylate (1 g, 1.5 mmol) were stirred at 0 °C for 2 h. 
Unreacted starting materials were identified. 
b. The reaction was repeated (5.3.3.1a) at 20 °C for 2 h, 29 %, endo/exo ratio 84:16. 
c. The reaction was repeated (5.3.3.1a) at 20 °C for 2 h, 16 %, endo/exo ratio 82:18. 
d. The reaction was repeated (5.3.3.1a) at 20 °C for 24 h, 59 %, endo/exo ratio 82:18. 
 
5.3.3.5 Diels-Alder Reactions of Cyclopentadiene with Dimethyl Maleate in 
Nopyltributylethylphosphonium Mesylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), dimethyl maleate 10 (313 µl, 2.5 mmol) and 
nopyltributylphosphonium mesylate (1 g, 2.2 mmol) were stirred at 0 °C for 2 h. 
Unreacted starting materials were identified. 
b. The reaction was repeated (5.3.3.1a) at 20 °C for 2 h, 27 %, endo/exo ratio 78:22. 
c. The reaction was repeated (5.3.3.1a) at 20 °C for 2 h, 15 %, endo/exo ratio 82:18. 
d. The reaction was repeated (5.3.3.1a) at 20 °C for 24 h, 56 %, endo/exo ratio 85:15. 
 
5.3.3.6 Diels-Alder Reactions of Cyclopentadiene with Dimethyl Maleate in 
Nopyltrioctylethylphosphonium Mesylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), dimethyl maleate 10 (313 µl, 2.5 mmol) and 
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nopyltrioctylphosphonium mesylate (1 g, 1.6 mmol) were stirred at 0 °C for 2 h. 
Unreacted starting materials were identified. 
b. The reaction was repeated (5.3.3.1a) at 20 °C for 2 h, 26 %, endo/exo ratio 78:22. 
c. The reaction was repeated (5.3.3.1a) at 20 °C for 2 h, 15 %, endo/exo ratio 80:20. 
d. The reaction was repeated (5.3.3.1a) at 20 °C for 24 h, 56 %, endo/exo ratio 81:19. 
 
5.3.3.7 Diels-Alder Reactions of Cyclopentadiene with Dimethyl Maleate in 
Nopyltributylethylphosphonium Esylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), dimethyl maleate 10 (313 µl, 2.5 mmol) and 
nopyltributylphosphonium esylate (1 g, 2.2 mmol) were stirred at 0 °C for 2 h. 
Unreacted starting materials were identified. 
b. The reaction was repeated (5.3.3.1a) at 20 °C for 2 h, 28 %, endo/exo ratio 83:17. 
c. The reaction was repeated (5.3.3.1a) at 20 °C for 2 h, 19 %, endo/exo ratio 75:25. 
d. The reaction was repeated (5.3.3.1a) at 20 °C for 24 h, 53 %, endo/exo ratio 80:20. 
 
5.3.3.8 Diels-Alder Reactions of Cyclopentadiene with Dimethyl Maleate in 
Nopyltrioctylethylphosphonium Esylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), dimethyl maleate 10 (313 µl, 2.5 mmol) and 
nopyltrioctylphosphonium esylate (1 g, 1.6 mmol) were stirred at 0 °C for 2 h. 
Unreacted starting materials were identified. 
b. The reaction was repeated (5.3.3.1a) at 20 °C for 2 h, 25 %, endo/exo ratio 80:20. 
c. The reaction was repeated (5.3.3.1a) at 20 °C for 2 h, 14 %, endo/exo ratio 82:18. 
d. The reaction was repeated (5.3.3.1a) at 20 °C for 24 h, 54 %, endo/exo ratio 76:24. 
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5.3.4 Diels-Alder Reactions of Cyclopentadiene with Acrylonitrile 
5.3.4.1 Diels-Alder Reactions of Cyclopentadiene with Acrylonitrile in 
Nopyltributylphosphonium Tosylate 
 
a. The reaction was conducted according to the general method: Cyclopentadiene 1 (204 
µl, 2.5 mmol), acrylonitrile 9 (165 µl, 2.5 mmol) and nopyltributylphosphonium tosylate 
(1 g, 1.9 mmol) were stirred at 20 °C for 2 h. Products 20 and 21 were identified, 
endo/exo ratio 75:25 (50 % conversion). 
Endo-bicyclo[2.2.1]hept-5-ene- 2-carbonitrile 20, δH 1.01 (2 H, m, CH2CHCN), 
1.45-1.62 (2 H, m, CH2CHCHCN), 1.98 (1 H, m, CHCN), 2.80-2.96 (2 H, m, CH), 6.09 
(1 H, d, J 7.8, HC=CH), 6.19 (1 H, d, J 7.8, HC=CH); δC 27.3 (CHCN), 32.4 
(CH2CHCN), 42.3 (CHCH2CHCN), 46.7 (CHCHCN), 48.0 (CH2CHCHCN), 122.2 (CN), 
133.7 (CH=CH), 138.4 (CH=CH). Exo-bicyclo[2.2.1]hept-5-ene-2-carbonitrile 21, δH 
1.01 (2 H, m, CH2CHCN), 1.45-1.62 (2 H, m, CH2CHCHCN), 2.15 (1 H, m, CHCN), 
2.80-2.96 (2 H, m, CH), 6.09 (1 H, d, J 7.8, HC=CH), 6.19 (1 H, d, J 7.8, HC=CH); δC 
25.8 (CHCN), 32.4 (CH2CHCN), 42.3 (CHCH2CHCN), 46.7 (CHCHCN), 48.0 
(CH2CHCHCN), 122.2 (CN), 133.7 (CH=CH), 138.4 (CH=CH).125 
b. The reaction was repeated (5.3.4.1a) at 40 °C for 24 h, 71 %, endo/exo ratio 78:22. 
c. The reaction was repeated (5.3.4.1a) at 70 °C for 24 h, 94 %, endo/exo ratio 67:33. 
 
5.3.4.2 Diels-Alder Reactions of Cyclopentadiene with Acrylonitrile in 
Nopyltrioctylphosphonium Tosylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), acrylonitrile 9 (165 µl, 2.5 mmol) and 
nopyltributylphosphonium tosylate (1 g, 1.4 mmol) were stirred at 20 °C for 2 h. 
Products 20 and 21 were identified, endo/exo ratio 74:26 (48 % conversion). 
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b. The reaction was repeated (5.3.4.1a) at 40 °C for 24 h, 71 %, endo/exo ratio 72:28. 
 
5.3.4.3 Diels-Alder Reactions of Cyclopentadiene with Acrylonitrile in 
Nopyltributylethylphosphonium Iodide 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), acrylonitrile 9 (165 µl, 2.5 mmol) and 
nopyltributylphosphonium iodide (1 g, 2.1 mmol) were stirred at 20 °C for 2 h. Products 
20 and 21 were identified, endo/exo ratio 73:27 (54 % conversion). 
b.   The reaction was repeated (5.3.4.1a) at 40 °C for 24 h, 75 %, endo/exo ratio 76:24. 
 
5.3.4.4 Diels-Alder Reactions of Cyclopentadiene with Acrylonitrile in 
Nopyltrioctylethylphosphonium Iodide 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), acrylonitrile 9 (165 µl, 2.5 mmol) and 
nopyltrioctylphosphonium iodide (1 g, 1.5 mmol) were stirred at 20 °C for 2 h. Products 
20 and 21 were identified, endo/exo ratio 73:27 (54 % conversion). 
b. The reaction was repeated (5.3.4.1a) at 40 °C for 24 h, 72 %, endo/exo ratio 69:31. 
5.3.4.5 Diels-Alder Reactions of Cyclopentadiene with Acrylonitrile in 
Nopyltributylethylphosphonium Mesylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), acrylonitrile 9 (165 µl, 2.5 mmol) and 
nopyltributylphosphonium mesylate (1 g, 2.2 mmol) were stirred at 20 °C for 2 h. 
Products 20 and 21 were identified, endo/exo ratio 79:21 (59 % conversion). 
  
b. The reaction was repeated (5.3.4.1a) at 40 °C for 24 h, 72 %, endo/exo ratio 76:24. 
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5.3.4.6 Diels-Alder Reactions of Cyclopentadiene with Acrylonitrile in 
Nopyltrioctylethylphosphonium Mesylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), acrylonitrile 9 (165 µl, 2.5 mmol) and 
nopyltrioctylphosphonium mesylate (1 g, 1.6 mmol) were stirred at 20 °C for 2 h. 
Products 20 and 21 were identified, endo/exo ratio 71:29 (57 % conversion). 
b. The reaction was repeated (5.3.4.1a) at 40 °C for 24 h, 70 %, endo/exo ratio 72:28. 
 
5.3.4.7 Diels-Alder Reactions of Cyclopentadiene with Acrylonitrile in 
Nopyltributylethylphosphonium Esylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), acrylonitrile 9 (165 µl, 2.5 mmol) and 
nopyltributylphosphonium esylate (1 g, 2.2 mmol) were stirred at 20 °C for 2 h. 
Products 20 and 21 were identified, endo/exo ratio 78:22 (45 % conversion). 
b. The reaction was repeated (5.3.4.1a) at 40 °C for 24 h, 82 %, endo/exo ratio 71:29. 
 
5.3.4.8 Diels-Alder Reactions of Cyclopentadiene with Acrylonitrile in 
Nopyltrioctylethylphosphonium Esylate 
 
a. Cyclopentadiene 1 (204 µl, 2.5 mmol), acrylonitrile 9 (165 µl, 2.5 mmol) and 
nopyltrioctylphosphonium mesylate (1 g, 1.6 mmol) were stirred at 20 °C for 2 h. 
Products 20 and 21 were identified, endo/exo ratio 78:22 (56 % conversion). 
b. The reaction was repeated (5.3.4.1a) at 40 °C for 24 h, 68 %, endo/exo ratio 68:32. 
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5.3.5 Diels-Alder Reactions of Isoprene with Methyl Acrylate 
5.3.5.1 Diels-Alder Reactions of Isoprene with Methyl Acrylate in 
Nopyltributylphosphonium Bromide 
 
a. The reaction was conducted according to the general method: The reaction of 
isoprene 2 (250 µl, 2.5 mmol), methyl acrylate 7 (225 µl, 2.5 mmol) and 
nopyltributylphosphonium bromide (1 g, 2.3 mmol) at 25 °C for 24 h. A white solid 
formed during the reaction, suggesting polymerisation of the starting materials. The 
product was identified as 4-methyl-1-carbomethoxy-3-cyclohexene 26 (4 % 
conversion).  
4-Methyl-1-carbomethoxy-3-cyclohexene 26, δH 1.65 (3 H, brs, CH3C=C), 1.66-1.71 (2 
H, m, CH2CH2), 1.99 (2 H, m, =CCH2CH2), 2.22 (2 H, m, CH2CH), 2.44-2.56 (1 H, m, 
CH), 3.69 (3 H, s, CH3O), 5.37 (1 H, brs, HC=C); δC 23.5 (CH3C=C), 25.8 (CH2), 27.8 
(CH2), 29.4 (CH2), 39.3 (CH), 51.6 (CHC=O), 119.4 (C=CH), 133.8 (CH3C=C), 176.5 
(C=O).75 
b. Isoprene 2 (250 µl, 2.5 mmol), methyl acrylate 7 (225 µl, 2.5 mmol) and 
nopyltributylphosphonium bromide (1 g, 2.3 mmol) were sealed in a tube and the 
resulting solution was stirred at 25 °C for 2 h. Unreacted starting materials were 
identified. 
 
5.3.5.2 Diels-Alder Reactions of Isoprene with Methyl Acrylate in 
Nopyltriboctylphosphonium Bromide 
 
a. Isoprene 2 (250 µl, 2.5 mmol), methyl acrylate 7 (225 µl, 2.5 mmol) and 
Nopyltrioctylphosphonium Bromide (1 g, 1.7 mmol) were sealed in a tube and the 
resulting solution was stirred for 2 h at 25 °C. Unreacted starting materials were 
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identified. 
b. The reaction was repeated (5.3.5.1a) at 25 °C for 24 h, 5 %. 
 
5.3.5.3 Diels-Alder Reactions of Isoprene with Methyl Acrylate in 
Nopyltributylphosphonium Hexafluorophosphate 
 
a. Isoprene 2 (250 µl, 2.5 mmol), methyl acrylate 7 (225 µl, 2.5 mmol) and 
Nopyltributylphosphonium hexafluorophosphate (1 g, 2.0 mmol) were sealed in a tube 
and the resulting solution was stirred for 2 h at 25 °C. Unreacted starting materials 
were identified. 
b. The reaction was repeated (5.3.5.1a) at 25 °C for 24 h. Unreacted starting materials 
were identified. 
 
5.3.5.4 Diels-Alder Reactions of Isoprene with Methyl Acrylate in   
Nopyltrioctylphosphonium Hexafluorophosphate 
 
a. Isoprene 2 (250 µl, 2.5 mmol), methyl acrylate 7 (225 µl, 2.5 mmol) and 
Nopyltrioctylphosphonium hexafluorophosphate (1 g, 1.6 mmol) were sealed in a tube 
and the resulting solution was stirred for 2 h at 25 °C. Unreacted starting materials 
were identified. 
b. The reaction was repeated (5.3.1.1a) at 25 °C for 24 h. Unreacted starting materials 
were identified. 
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5.3.5.5 Diels-Alder Reactions of Isoprene with Methyl Acrylate in 
Tetrabutylphosphonium Proline 
 
a. Isoprene 2 (250 µl, 2.5 mmol), methyl acrylate 7 (225 µl, 2.5 mmol) and 
tetrabutylphosphonium proline (1 g, 2.7 mmol) were sealed in a tube and the resulting 
solution was stirred for 24 h at 25 °C. The product was identified as 26 (9 % 
conversion). 
 
5.3.5.6 Diels-Alder Reactions of Isoprene with Methyl Acrylate in 
Nopyltributylphosphonium Tosylate 
 
a. Isoprene 2 (250 µl, 2.5 mmol), methyl acrylate 7 (225 µl, 2.5 mmol) and 
nopyltributylphosphonium tosylate (1 g, 1.9 mmol) were sealed in a tube and the 
resulting solution was stirred for 24 h at 70 °C. The product was identified as 26 (44 % 
conversion). 
b. Isoprene 2 (250 µl, 2.5 mmol), methyl acrylate 7 (338 µl, 3.75 mmol) and 
nopyltributylphosphonium tosylate (1 g, 1.9 mmol) were sealed in a tube and the 
resulting solution was stirred for 24 h at 70 °C. The product was identified as 26 (57 % 
conversion). 
c. Isoprene 2 (500 µl, 5 mmol), methyl acrylate 7 (450 µl, 5 mmol) and 
nopyltributylphosphonium tosylate (1 g, 1.9 mmol) were sealed in a tube and the 
resulting solution was stirred for 24 h at 70 °C. The product was identified as 26 (61 % 
conversion); [α]22D= -15 (21mg/10ml, MeOH). 
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5.3.5.7 Diels-Alder Reactions of Isoprene with Methyl Acrylate in 
Nopyltributylphosphonium Iodide 
 
a. Isoprene 2 (250 µl, 2.5 mmol), methyl acrylate 7 (225 µl, 2.5 mmol) and 
nopyltributylphosphonium iodide (1 g, 2.1 mmol) were sealed in a tube and the 
resulting solution was stirred for 24 h at 70 °C. The product was identified as 26 (49 % 
conversion). 
b. Isoprene 2 (250 µl, 2.5 mmol), methyl acrylate 7 (338 µl, 3.75 mmol) and 
nopyltributylphosphonium iodide (1 g, 2.1 mmol) were sealed in a tube and the 
resulting solution was stirred for 24 h at 70 °C. The product was identified as 26 (62 % 
conversion). 
c. Isoprene 2 (500 µl, 5 mmol), methyl acrylate 7 (450 µl, 5 mmol) and 
nopyltributylphosphonium iodide (1 g, 2.1 mmol) were sealed in a tube and the 
resulting solution was stirred for 24 h at 70 °C. The product was identified as 26 (63 % 
conversion); [α]22D= -3 (15mg/10ml, MeOH). 
 
5.3.5.8 Diels-Alder Reactions of Isoprene with Methyl Acrylate in 
Nopyltrioctylphosphonium Iodide 
 
a. Isoprene 2 (500 µl, 5 mmol), methyl acrylate 7 (450 µl, 5 mmol) and 
nopyltrioctylphosphonium iodide (1 g, 1.6 mmol) were sealed in a tube and the 
resulting solution was stirred for 24 h at 70 °C. The product was identified as 26 (58 % 
conversion); [α]22D= -6 (19mg/10ml, MeOH). 
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5.3.6 Diels-Alder Reactions of Isoprene with Methyl Vinyl Ketone  
5.3.6.1 Diels-Alder Reactions of Isoprene with Methyl Vinyl Ketone in 
Nopyltributylphosphonium Tosylate 
 
a. The reaction was conducted according to the general method: Isoprene 2 (250 µl, 2.5 
mmol), methyl vinyl ketone 8 (225 µl, 2.5 mmol) and Nopyltributylphosphonium 
Tosylate (1 g, 1.9 mmol) were sealed in a tube and the resulting solution was stirred for 
24 h at 70 °C. The products were identified as di(butan-2-one-4-yl)ether 126 and 
4-acetyl-1-methyl-cyclohexene 28 (61% conversion).  
4-Acetyl-1-methylcyclohexene 28, δH 1.65 (3 H, brs, CH3C=C), 1.93-2.29 (6 H, m, 
CH2), 2.17 (3 H, s, CH3C=O), 2.48-2.55 (1 H, s, CH), 5.39 (1 H, brs, HC=C); δC 23.4 
(CH3C=C), 24.9 (CH2), 27.1 (CH2), 28.0 (CH3C=O), 29.5 (CH2), 47.2 (CHC=O), 119.3 
(C=CH), 133.8 (CH3C=C), 211.7 (C=O).75 Di(butan-2-one-4-yl)ether 126 δH 2.17 (6 H, s, 
CH3), 2.66 (4 H, t, J 5.5, CH2C=O), 3.69 (4 H, t, J 5.5, OCH2); δC 30.7 (CH3C=O), 43.8 
(CH2C=O), 65.9 (CH2O), 207.2 (C=O). 
b. Isoprene 2 (500 µl, 5 mmol), methyl vinyl ketone 8 (450 µl, 5 mmol) and 
Nopyltributylphosphonium Tosylate (1 g, 1.9 mmol) were sealed in a tube and the 
resulting solution was stirred for 24 h at 70 °C. 4-acetyl-1-methyl-cyclohexene 28 (61% 
conversion); [α]22D= -25 (18mg/10ml, MeOH). 
 
5.3.6.2 Diels-Alder Reactions of Isoprene with Methyl Vinyl Ketone in 
Nopyltributylphosphonium Iodide 
 
a. Isoprene 2 (250 µl, 2.5 mmol), methyl vinyl ketone 8 (225 µl, 2.5 mmol) and 
nopyltributylphosphonium iodide (1 g, 2.1 mmol) were sealed in a tube and the 
resulting solution was stirred for 24 h at 70 °C. The products were identified as 
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di(butan-2-one-4-yl)ether 126 and 4-acetyl-1-methylcyclohexene 28 (43% conversion). 
b. Isoprene 2 (500 µl, 5 mmol), methyl vinyl ketone 8 (450 µl, 5 mmol) and 
nopyltributylphosphonium iodide (1 g, 2.1 mmol) were sealed in a tube and the 
resulting solution was stirred for 24 h at 70 °C. The products were identified as 28 
(63% conversion); [α]22D= -5 (15mg/10ml, MeOH). 
 
5.3.6.3 Diels-Alder Reactions of Isoprene with Methyl Vinyl Ketone in 
Nopyltrioctylphosphonium Tosylate 
 
a. The Isoprene 2 (500 µl, 5 mmol), methyl vinyl ketone 8 (450 µl, 5 mmol) and 
Nopyltrioctylphosphonium Tosylate (1 g, 1.6 mmol) were sealed in a tube and the 
resulting solution was stirred for 24 h at 70 °C. The products were identified as 28 
(58% conversion). [α]22D= -42 (17mg/10ml, MeOH). 
 
 
5.3.7 Diels-Alder Reactions of Isoprene with Acrylonitrile 
5.3.7.1 Diels-Alder Reactions of Isoprene with Acrylonitrile in 
Nopyltributylphosphonium Tosylate 
 
The reaction was conducted according to the general method: A solution of isoprene 2 
(250 µl, 2.5 mmol), acrylonitrile 9 (165 µl, 2.5 mmol) in ethyltriphenylphosphonium tosylate 
(1 g, 1.9 mmol) was stirred for 24 h at 70 °C. The cycloadduct was composed of the two 
regioisomers, 4-methyl-3-cyclohexene-1-carbonitrile 30 and 3-methyl-3-cyclohexene-1- 
carbonitrile 31, ratio 77:23 (21 % conversion). 
4-Methyl-3-cyclohexene-1-carbonitrile 30, δH 1.67 (3 H, s, CH3C=C), 1.82-2.38 (6 H, m, 
CH2), 2.77 (1 H, m, CH), 5.35 (1 H, m, HC=C); δC 23.6 (CH2CH2CH), 24.6 (CH2CH2CH), 
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25.8 (CH3C=C), 27.8 (CH2C=C), 28.5 (CH), 117.5 (C=CH), 121.0 (CH3C=C), 134.3 (CN).89 
3-methyl-3-cyclohexene-1-carbonitrile 31, δH 2.82 (1 H, m, CH), 5.45 (1 H, m, HC=C); δC 
22.8 (CH2CH2CH), 23.1 (CH2CH2CH), 25.2 (CH3C=C, CH2C=C), 32.8 (CH), 117.5 (C=CH), 
122.7 (CH3C=C), 130.5 (CN).89 
 
5.3.7.2 Diels-Alder Reactions of Isoprene with Acrylonitrile in      
     Nopyltributylphosphonium Iodide 
 
A solution of isoprene 2 (250 µl, 2.5 mmol) and acrylonitrile 9 (165 µl, 2.5 mmol), in 
Nopyltributylphosphonium Iodide (1 g, 2.1 mmol) was stirred for 24 h at 70 °C. The 
cycloadduct was composed of the two regioisomers, 4-methyl-3-cyclohexene-1-carbonitrile 
30 and 3-methyl-3-cyclohexene-1- carbonitrile 31, ratio 78:22 (27 % conversion). 
 
5.3.8 Diels-Alder Reactions of Isoprene with Dimethyl Maleate 
5.3.8.1 Diels-Alder Reactions of Isoprene with Dimethyl Maleate in 
Nopyltributylphosphonium Tosylate 
 
Reaction wasconducted according to the general method: A solution of isoprene 2 (250 µl, 
2.5 mmol) and dimethyl maleate 10 (360 mg, 2.5 mmol), in nopyltributylphosphonium 
tosylate (1 g, 1.9 mmol) was stirred for 24 h at 70 °C. The product was identified as 
dimethyl 4-methylcyclohex-4-ene-1,2-dicarboxylate 34 (25 % conversion).  
Dimethyl 4-methylcyclohex-4-ene-1,2-dicarboxylate 34, δH 1.66 (3 H, brs, CH3C=C), 2.19 
(4 H, m, 2x CH2), 3.02 (2 H, brs, CH), 3.56 (6 H, s, 2x CH3O), 5.17 (1 H, brs, HC=C); δC 
23.4 (CH3C=C), 25.9 (CH2), 30.3 (CH2), 39.5 (CH), 40.3 (CH), 51.9 (CH3O), 53.3 (CH3O), 
119.0 (C=CH), 129.3 (CH3C=C), 174.0 (CO2).137 
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5.3.8.2 Diels-Alder Reactions of Isoprene with Dimethyl Maleate in 
Nopyltributylphosphonium Iodide 
 
A solution of isoprene 2 (250 µl, 2.5 mmol) and dimethyl maleate 10 (360 mg, 2.5 mmol), in 
nopyltributylphosphonium iodide (1 g, 2.1 mmol) was stirred for 2 h at 80 °C. The product 
was identified as dimethyl 4-methylcyclohex-4-ene-1,2-dicarboxylate 34 (57 % 
conversion).  
 
 
5.3.9 Diels-Alder Reactions of Isoprene with Acrolein 
5.3.9.1 Diels-Alder Reactions of Isoprene with Acrolein in 
Nopyltributylphosphonium Tosylate 
 
Reaction was conducted according to the general method: Isoprene 2 (250 µl, 2.5 mmol), 
acrolein 14 (167 µl, 2.5 mmol) and nopyltributylphosphonium tosylate (1 g, 1.9 mmol) were 
sealed in a tube and the resulting solution was stirred for 24 h at 70 °C. A yellow solid 
formed during the reaction, suggesting polymerisation of the starting materials. Unreacted 
starting materials were identified. 
 
5.3.9.2 Diels-Alder Reactions of Isoprene with Acrolein in 
Nopyltributylphosphonium Iodide 
 
Isoprene 2 (250 µl, 2.5 mmol), acrolein 14 (167 µl, 2.5 mmol) and 
nopyltributylphosphonium iodide (1 g, 2.1 mmol) were sealed in a tube and the resulting 
solution was stirred for 24 h at 70 °C. A yellow solid formed during the reaction, suggesting 
polymerisation of the starting materials. Unreacted starting materials were identified. 
 243
Chapter 5  Experimental  
 
5.3.10 Diels-Alder Reactions of 2,3-Dimethylbuta-1,3-diene 
5.3.10.1 Diels-Alder Reactions of 2,3-Dimethylbuta-1,3-diene with Methyl Acrylate in 
Nopyltributylphosphonium Tosylate 
 
2,3-Dimethylbuta-1,3-diene 3 (283 µl, 2.5 mmol), methyl methyl acrylate 7 (225 µl, 2.5 
mmol) and nopyltributylphosphonium tosylate (1 g, 1.9 mmol) were sealed in a tube and 
the resulting solution was stirred for 24 h at 70 °C. The product was identified as methyl 
3,4-dimethylcyclohex-3-enecarboxylate 35 (37 % conversion). δH 1.58 (3 H, s, CH3), 1.65 
(3 H, s, CH3), 1.70-2.20 (4 H, m, CH2CH2), 2.50 (2 H, m, CH2CH), 2.86 (1 H, m, CH), 3.63 
(3 H, s, CH3O); δC 18.2 (CH3), 18.9 (CH3CCH2CH2), 26.4 (CH2CH2CH), 29.6 (CH2CH), 33.6 
(CH2CH), 40.2 (CHCH), 52.3 (CH3O), 122.0 (CH=CH), 123.6 (CH=CH), 175.1 (C=O).277  
 
5.3.10.2 Diels-Alder Reactions of 2,3-Dimethylbuta-1,3-diene with Methyl Vinyl 
Ketone in Nopyltributylphosphonium Tosylate 
 
2,3-Dimethylbuta-1,3-diene 3 (283 µl, 2.5 mmol), methyl vinyl ketone 8 (225 µl, 2.5 mmol) 
and nopyltributylphosphonium tosylate (1 g, 1.9 mmol) were sealed in a tube and the 
resulting solution was stirred for 24 h at 70 °C. The product was identified as 
1-(3,4-dimethylcyclohex-3-enyl)ethanone 36 (77 % conversion). δH 1.46-1.60 (2 H, m, CH2), 
1.57 (3 H, s, CH3), 1.60 (3 H, s, CH3), 1.86 (1 H, m, CHCO), 1.94 (1 H, m, CH2CHCN), 2.00 
(2 H, m, CH2CH2CHCO), 2.19 (3 H, s, CH3CO), 1.35 (1 H, m, CH2CHCO); δC 18.8 (CH3), 
18.9 (CH3), 25.5 (CH2CH2CHCO), 27.9 (CH3CO), 30.8 (CH2CHCO), 31.9 (CH2CH2CHCO), 
47.4 (CH), 123.9 (CH=CH), 126.6 (CH=CH), 210.6 (C=O).145  
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5.3.10.3 Diels-Alder Reactions of 2,3-Dimethylbuta-1,3-diene with Dimethyl Maleate 
Nopyltributylphosphonium Iodide 
 
A solution of 2,3-dimethylbuta-1,3-diene 3 (250 µl, 2.5 mmol) and dimethyl maleate 10 (360 
mg, 2.5 mmol), in nopyltributylphosphonium iodide (1 g, 2.1 mmol) was stirred for 2 h at 80 
°C. The reaction mixture was extracted with ether. The product was identified as dimethyl 
4,5-dimethylcyclohex-4-ene-1,2- dicarboxylate 37 (25 % conversion). δH 1.67 (6 H, s, CH3), 
2.01 (4 H, m, CH2CH), 2.66 (2 H, m, CHCH), 3.57 (6 H, s, CH3O); δC 18.9 (CH3), 30.8 
(CH2CH), 39.7 (CHCH), 52.3 (CH3O), 123.6 (CH=CH), 173.0 (C=O).278 
 
5.3.10.4 Diels-Alder Reactions of 2,3-Dimethylbuta-1,3-diene with Acrylonitrile 
Nopyltributylphosphonium Iodide 
 
Isoprene 3 (250 µl, 2.5 mmol), Acrylonitrile 9 (167 µl, 2.5 mmol) and 
nopyltributylphosphonium iodide (1 g, 2.1 mmol) were sealed in a tube and the resulting 
solution was stirred for 24 h at 70 °C. A yellow solid formed during the reaction, suggesting 
polymerisation of the starting materials. The product was identified as 
3,4-dimethylcyclohex-3-enecarbonitrile 38 (30 % conversion). δH 1.59 (3 H, s, CH3), 1.76 (3 
H, s, CH3), 1.78-2.05 (2 H, m, CH2CH), 2.20 (1 H, m, CH2CHCN), 2.26(2 H, m, 
CH2CH2CHCN), 2.46 (CHCN), 2.60 (1 H, m, CH2CHCN); δC 18.9 (CH3), 19.7 (CH3), 23.5 
(CHCN), 25.3 (CH2CH2CHCN), 30.8 (CH2CH2CHCN), 34.2 (CH2CHCN), 124.0 (CH=CH), 
124.1 (CH=CH), 125.8 (CN).141  
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5.3.11 Diels-Alder Reactions of Furan 
5.3.11.1 Diels-Alder Reactions of Furan with Methyl Acrylate 
 
Furan 4 (218 µl, 3 mmol), methyl acrylate 7 (294 mg, 3 mmol) and 
nopyltyltributylphosphonium tosylate (1 g, 1.9 mmol) were stirred at 70 °C for 24 h. 
Unreacted starting materials were identified. 
 
5.3.11.2 Diels-Alder Reactions of Furan with Methyl Vinyl Ketone 
 
Furan 4 (218 µl, 3 mmol), methyl vinyl ketone 8 (210 mg, 3 mmol) and 
nopyltyltributylphosphonium tosylate (1 g, 1.9 mmol) were stirred at 70 °C for 24 h. The 
product was identified as 4,4'-(furan-2,5-diyl)dibutan-2-one 128 (44 % conversion). δH 2.18 
(6 H, s, CH3), 2.76 (4 H, t, J = 7.8, CH2CH2CO), 2.89 (4 H, t, J 7.8, CH2CO), 5.87 (2 H, s, 
CH=C); δC 22.3 (CH2CH2CO), 30.1 (CH3), 42.0 (CH2CO), 105.9 (C=CH), 152.4 (C=CH), 
185.3 (C=O).164  
 
5.3.11.3 Diels-Alder Reactions of Furan with Dimethylacetylene dicarboxylate 
 
Furan 4 (218 µl, 3 mmol), DMAD 11 (426 mg, 3 mmol) and nopyltyltributylphosphonium 
tosylate (1 g, 1.9 mmol) were stirred at 70 °C for 24 h. The product was identified as 
7-oxa-biclo[2,2,1]hepta-2,5- diene-2,3-dicarboxylic acid dimethyl ester 45 (88 % 
conversion). δH 3.73 (6 H, s, CH3), 5.72 (2 H, s, CHO), 7.14 (2 H, t, J 7.6, J = 5.4, CH); δC 
52.4 (CH3), 87.4 (CHO), 135.6 (CH=CH), 152.3 (CH=CH), 162.8 (C=O).160  
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5.3.11.4 Diels-Alder Reactions of Furan with Maleic Anhydride 
 
a. Reaction was conducted according to the general method: Furan 4 (218 µl, 3 mmol), 
maleic anhydride 12 (294 mg, 3 mmol) and nopyltyltrioctylphosphonium tosylate (1 g, 
1.4 mmol) were stirred at 70 °C for 24 h. The products were identified as 
3,6-endo-tetrahydrophthalhide 48 and 3,6-exo-tetrahydrophthalhide 49, endo/exo ratio 
22:78 (80 % conversion). 3,6-exo-Tetrahydrophthalhide 49; δH 2.89 (2 H, m, CH), 5.31 
(2 H, d, J 7.8, CHOCH), 6.52 (2 H, d, J 7.8, CH=CH); δC 48.7 (CH), 81.0 (CHO), 136.6 
(CH=CH), 175.2 (CO2). 3,6-exo-Tetrahydrophthalhide 48; δH 3.15 (2 H, m, CH), 5.39 (2 
H, d, J 7.8, CH), 6.52 (2 H, d, J 7.8, CH); δC 48.7 (CH), 81.0 (CHO), 136.6 (CH=CH), 
175.2 (CO2).279 
b. The reaction was repeated (3.3.11.4a) with SiO2 (0.25 g), 64 %, endo/exo ratio 50:50.  
c. The reaction was repeated (3.3.11.4a) with Al2O3 (0.25 g), 30 %, endo/exo ratio 40:60. 
d. The reaction was repeated (3.3.11.4a) with K-10 (0.25 g), 85 %, endo/exo ratio 21:79. 
e. Furan 4 (218 µl, 3 mmol), maleic anhydride 12 (588 mg, 6 mmol) and 
nopyltyltrioctylphosphonium tosylate (1 g, 1.4 mmol) were stirred at 70 °C for 24 h. 
Products 30 and 31 were identified, endo/exo ratio 21:79 (78 % conversion). 
f. Furan 4 (218 µl, 3 mmol), maleic anhydride 12 (294 mg, 3 mmol) and 
tetrabutylphosphonium proline (1 g, 2.7 mmol) were stirred at 70 °C for 24 h. 
Unreacted starting materials were identified. 
 
5.3.11.5 Diels-Alder Reactions of Furan with Maleimide 
 
a. Reaction was conducted according to the general method: Furan 4 (218 µl, 3 mmol), 
maleimide 13 (294 mg, 3 mmol) and nopyltyltributylphosphonium hexafluorophosphate 
(1 g, 2.0 mmol) were stirred at 70 °C for 24 h. Product exo-51 was identified, endo/exo 
ratio 0:100 (77 % conversion). 3,6-exo-Tetrahydrophthalhide 51, δH 3.09 (2 H, m, CH), 
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4.25 (2 H, d, J 7.8, CHOCH), 6.20 (2 H, d, J 7.8, CH=CH), 8.11 (1 H, brs, NH); δC 48.4 
(CHCH), 59.6 (CHOCH), 142.6 (CH=CH), 170.8 (CO2).71  
b. Furan 4 (218 µl, 3 mmol), maleimide 13 (294 mg, 3 mmol) and 
nopyltyltrioctylphosphonium iodide (1 g, 1.5 mmol) were stirred at 70 °C for 24 h. 
Product exo-51 was identified, endo/exo ratio 0:100 (65 % conversion).  
c. Furan 4 (218 µl, 3 mmol), maleimide 13 (294 mg, 3 mmol) and 
nopyltyltributylphosphonium bromide (1 g, 2.3 mmol) were stirred at 70 °C for 24 h. 
Products 50 and 51 were identified, endo/exo ratio 78:22 (22 % conversion). 
3,6-exo-Tetrahydrophthalhide 50; δH 3.19 (2 H, m, CH), 4.28 (2 H, d, J 7.8, CHOCH), 
6.20 (2 H, d, J 7.8, CH=CH), 8.11 (1 H, brs, NH); δC 48.5 (CHCH), 59.6 (CHOCH), 
142.6 (CH=CH), 170.8 (CO2).71 
d. Furan 4 (218 µl, 3 mmol), maleimide 13 (294 mg, 3 mmol) and 
nopyltyltrioctylphosphonium bromide (1 g, 1.7 mmol) were stirred at 70 °C for 24 h. 
Products 50 and 51 were identified, endo/exo ratio 20:80 (70 % conversion).  
e. Furan 4 (218 µl, 3 mmol), maleimide 13 (294 mg, 3 mmol) and 
nopyltyltributylphosphonium tosylate (1 g, 1.9 mmol) were stirred at 70 °C for 24 h. 
Product 50 was identified, endo/exo ratio 0:100 (76 % conversion). 
f. Furan 4 (218 µl, 3 mmol), maleimide 13 (294 mg, 3 mmol) and tetrabutylphosphonium 
proline (1 g, 2.7 mmol) were stirred at 70 °C for 24 h. Unreacted starting materials 
were identified. 
 
 
5.3.12 Diels-Alder Reactions of Pyrrole 
5.3.12.1 Diels-Alder Reactions of Pyrrole with Methyl acrylate 
 
Pyrrole 5 (208 µl, 3 mmol), methyl acrylate 7 (254 µl, 3 mmol) and 
nopyltyltributylphosphonium tosylate (1 g, 1.9 mmol) were stirred at 70 °C for 24 h. 
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Unreacted starting materials were identified. 
 
5.3.12.2 Diels-Alder Reactions of Pyrrole with Methyl Vinyl Ketone 
 
Pyrrole 5 (208 µl, 3 mmol), methyl vinyl ketone 8 (210 mg, 3 mmol) and 
nopyltyltributylphosphonium tosylate (1 g, 1.9 mmol) were stirred at 70 °C for 24 h. Product 
4,4'-(1H-pyrrole-2,5-diyl)dibutan-2-one 133 was identified (49 % conversion). δH 2.24 (6 H, 
s, CH3), 2.72 (4 H, m, CH2CH2CO), 2.90 (4 H, m, CH2CO), 5.69 (2 H, d, J 2.52, CH=C), 
8.11 (1 H, brs, NH); δC 24.9 (CH2CH2CO), 29.8 (CH3), 42.8 (CH2CO), 107.8 (C=CH), 140.8 
(C=CH), 205.9 (C=O).280  
 
5.3.12.3 Diels-Alder Reactions of Pyrrole with Dimethylacetylene dicarboxylate 
 
Pyrrole 5 (208 µl, 3 mmol), DMAD 11 (426 mg, 3 mmol) and nopyltyltributylphosphonium 
tosylate (1 g, 1.9 mmol) were stirred at 70 °C for 24 h. Products 61 and 62 were identified. 
Dimethyl 2-(1H-pyrrol-2-yl)maleate 61 (13 % conversion), δH 3.47 (3 H, s, CH3), 3.78 (3 H, 
s, CH3), 6.21 (1 H, s, CHCO), 6.46 (1 H, s, CH=CHN), 6.92 (1 H, s, CH=CHN), 7.17 (1 H, s, 
CHNH); δC 51.4 (CH3), 51.5 (CH3), 88.7 (CHCO), 101.4 (CH=CHCH), 110.5 (CH=CN), 
118.8 (CCHCO), 143.9 (CN), 126.1 (CHNH), 127.2 (CNH), 135.8 (CCH=CH), 164.3 
(CC=O), 168.5 (C=CHC=O). Dimethyl 2-(1H-pyrrol- 2-yl)fumarate 62 ( 20 % conversion), 
δH 3.45 (3 H, s, CH3), 3.74 (3 H, s, CH3), 6.32 (1 H, s, CHCO), 6.42 (1 H, s, CH=CHN), 
6.91 (1 H, s, CH=CHN), 7.15 (1 H, s, CHNH); δC 51.4 (CH3), 51.5 (CH3), 88.7 (CHCO), 
101.5 (CH=CHCH), 110.5 (CH=CN), 118.8 (CCHCO), 143.9 (CN), 126.1 (CHNH), 127.2 
(CNH), 135.8 (CCH=CH), 164.4 (CC=O), 167.5 (C=CHC=O).192  
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5.3.12.4 Diels-Alder Reactions of Pyrrole with Maleic Anhydride 
 
Pyrrole 5 (208 µl, 3 mmol), maleic anhydride 12 (294 mg, 3 mmol) and 
nopyltyltributylphosphonium tosylate (1 g, 1.9 mmol) were stirred at 70 °C for 24 h. 
Unreacted starting materials were identified. 
 
5.3.12.5 Diels-Alder Reactions of Pyrrole with Maleimide 
 
Pyrrole 5 (208 µl, 3 mmol), maleimide 13 (294 mg, 3 mmol) and 
nopyltyltributylphosphonium tosylate (1 g, 1.9 mmol) were stirred at 70 °C for 24 h. 
Unreacted starting materials were identified. 
 
 
5.3.13 Diels-Alder Reactions of N-Methyl Pyrrole 
5.3.13.1 Diels-Alder Reactions of N-Methyl Pyrrole with Methyl acrylate 
 
N-Methyl pyrrole 6 (266 µl, 3 mmol), methyl acrylate 7 (254 µl, 3 mmol) and 
nopyltyltributylphosphonium tosylate (1 g, 1.9 mmol) were stirred at 70 °C for 24 h. 
Unreacted starting materials were identified. 
 
5.3.13.2 Diels-Alder Reactions of N-Methyl Pyrrole with Methyl Vinyl Ketone 
 
N-Methyl pyrrole 6 (266 µl, 3 mmol), methyl vinyl ketone 8 (210 µl, 3 mmol) and 
nopyltyltributylphosphonium tosylate (1 g, 1.9 mmol) were stirred at 70 °C for 24 h. Product 
4,4'-(1-methyl-1H-pyrrole-2,5-diyl) dibutan-2-one 132 was identified (83 % conversion). δH 
2.68 (6 H, s, CH3), 2.86 (4 H, m, CH2CH2CO), 3.40 (4 H, m, CH2CO), 5.74 (2 H, s, CH=C); 
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δC 23.9 (CH2CH2CO), 29.8 (CH3), 30.9 (CH3N), 41.7 (CH2CO), 107.8 (C=CH), 140.9 
(C=CH), 185.3 (C=O).189  
 
5.3.13.3 Diels-Alder Reactions of N-Methyl Pyrrole with Dimethylacetylene 
dicarboxylate 
 
N-Methyl pyrrole 6 (266 µl, 3 mmol), DMAD 11 (426 mg, 3 mmol) and 
nopyltyltributylphosphonium tosylate (1 g, 1.9 mmol) were stirred at 70 °C for 24 h. Product 
tetramethyl 1-methyl-3a,7a-dihydro-1H-indole-2,3,3a,4-tetracarboxylate 135 was identified 
(96 % conversion). δH 2.79 (3 H, s, NCH3), 3.60 (3 H, s, CH3), 3.73 (3 H, s, CH3), 3.77 (3 H, 
s, CH3), 3.88 (3 H, s, CH3), 4.81 (1 H, s, CHNH), 5.96 (1 H, dd, J 3.44, CHCHNH), 6.23 (1 
H, s, CH=CHCH), 7.01 (1 H, d, J 5.6, CHCH=CH); δC 32.6 (NCH3), 51.6 (CH3), 51.8 (CH3), 
52.8 (CH3), 53.2 (CH3), 63.1 (CHNH), 64.8 (CCHNH), 112.7 (CH=CHCH), 116.3 (C=CNH), 
124.8 (C=CHCH=CH), 126.3 (C=CHCH=CH), 126.8 (CHCHNH), 136.8 (CNH), 162.3 (CO), 
165.2 (CO), 165.6 (CO), 174.9 (CO).281 
 
5.3.13.4 Diels-Alder Reactions of 1-Methyl Pyrrole with Maleic Anhydride 
 
N-Metylpyrrole 6 (263 mg, 3 mmol), maleic anhydride 12 (294 mg, 3 mmol) and 
nopyltyltributylphosphonium tosylate (1 g, 1.9 mmol) were stirred at 70 °C for 24 h. Product 
endo-N-methylbicyclo[2.2.1]hept-5-ene-2,3-dicarboxylimide 71 was identified (5 % 
conversion). δH 2.51 (3 H, s, CH3), 3.74 (2 H, m, CHN), 4.04 (2 H, d, J 7.8, CH), 6.46 (2 H, 
d, J 7.8, CH=CH); δC 44.3 (CH3), 54.5 (CH), 68.9 (CHN), 136.6 (CH=CH), 175.3 (CO2).282   
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5.3.13.5 Diels-Alder Reactions of 1-Methyl Pyrrole with Maleimide 
 
1-Methylpyrrole 6 (263 mg, 3 mmol), maleimide 13 (294 mg, 3 mmol) and 
nopyltyltributylphosphonium tosylate (1 g, 1.9 mmol) were stirred at 70 °C for 24 h. Product 
endo-product 141 was identified (15 % conversion). δH 2.54 (CH3), 3.45 (2 H, m), 3.85 (2 H, 
d, J 7.8), 6.44 (2 H, d, J 7.8), 8.85 (1 H, br s, NH); δC 44.3 (CH3), 54.5 (CH), 68.9 (CHN), 
136.6 (CH=CH), 175.3 (CO2).  
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Appendix 
 
Alkyl Phosphonium Ionic Liquid 
 
Entry PIL Name Ref 
1 [P2,2,2,2][Br] Tetrabutylphosphonium bromide 1 
2 [P2,2,2,5][Tf2N] 
triethyl(pentyl)phosphonium bis(trifluoromethylsulfonyl) 
imide 
2-5 
3 [P2,2,2,8][Tf2N] 
triethyl(octyl)phosphonium bis(trifluoromethylsulfonyl) 
imide 
4,5 
4 [P2,2,2,12][Tf2N] triethyl(dodecyl)phosphonium 
bis(trifluoromethylsulfonyl) imide 
4,5 
5 [Pi4,i4,i4,1][OTs] triisobutyl(methyl)phosphonium tosylate 6,7 
6 [P4,4,4,1][Ms] tributyl(methyl)phosphonium methylsulfate 8 
7 [P4,4,4,1][TfO] tributyl(methyl)phosphonium trifluoromethanesulfonate 9 
8 [P4,4,4,1][Tf2N] tributyl(methyl)phosphonium bis(trifluoromethylsulfonyl) 
imide 
2,3,10 
9 [P4,4,4,2][OTs] ethyltri(butyl)phosphonium tosylate 1,11-14 
10 [P4,4,4,2][OMs] ethyltri(butyl)phosphonium  methylsulfate 1 
11 [P4,4,4,2][Br] ethyltri(butyl)phosphonium  bromide 1 
12 [P4,4,4,2][I] ethyltri(butyl)phosphonium  iodine 1 
13 [P4,4,4,2][DEP] ethyltri(butyl)phosphonium diethylphosphate 7,15-18 
14 [P4,4,4,4][Ace] tetrabutylphosphonium acesulfamate 19 
15 [P4,4,4,4][Br] tetrabutylphosphonium bromide 15,20-22 
16 [P4,4,4,4][Cl] tetrabutylphosphonium chloride 1,21 
17 [P4,4,4,4][DEPT] tetrabutylphosphonium o,o-diethylphosphorodithioate 23 
18 [P4,4,4,4][doss] tetrabutylphosphonium dioctylsulfosuccinate 24 
19 [P4,4,4,4][Cyc] tetrabutylphosphonium cyclamate 19 
20 [P4,4,4,4][I] tetrabutylphosphonium iodine 21 
21 [P4,4,4,4][mes] tetrabutylphosphonium methylsulfate 25 
22 [P4,4,4,4][OTs] tetrabutylphosphonium tosylate 12,26 
23 [P4,4,4,4][PS] tetrabutylphosphonium persulfate 27 
24 [P4,4,4,4][SAC] tetrabutylphosphonium saccharinate 19 
25 [P4,4,4,4][Tf2N] tetrabutylphosphonium bis(trifluoromethylsulfonyl) imide 1 
26 [P4,4,4,4]2[dtmn] bis-(tetrabutylphosphonium ) dithiomaleonitrile 1 
27 [P4,4,4,6][Br] tributyl(hexadecyl)phosphonium bromide  
28 [P4,4,4,6][BF4] tributyl(hexyl)phosphonium tetrafluoroborate 28,29 
29 [Pi4,i4,i4,8][I] triisobutyl(octyl)phosphonium iodine 1 
30 [P4,4,4,8][BF4] tributyl(octyl)phosphonium tetrafluoroborate 23,28,29 
31 [P4,4,4,8][DMBS] tributyl(octyl)phosphonium 
3,5-di(methoxycarbonyl)benzenesulfonate 
23 
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32 [P4,4,4,8][DMP] tributyl(octyl)phosphonium dimethylphosphate 23 
33 [P4,4,4,8][PF6] tributyl(octyl)phosphonium hexafluorophosphate 23 
34 [P4,4,4,8][Tf2N] tributyl(octyl)phosphonium bis(trifluoromethylsulfonyl) 
imide 
4,23 
35 [P4,4,4,8][TFAc] tributyl(octyl)phosphonium trifluoroacetate 23 
36 [P4,4,4,12][BF4] tributyl(dodecyl)phosphonium tetrafluoroborate 28,29 
37 [P4,4,4,12][Tf2N] tributyl(dodecyl)phosphonium 
bis(trifluoromethylsulfonyl) imide 
4 
38 [P4,4,4,14][Cl] tetradecyl(tributyl)phosphonium chloride 1,22 
39 [P4,4,4,14][Ms] tributyl(tetradecyl)phosphonium methylsulfate 24 
40 [P4,4,4,14][DS] tetradecyl(tributyl)phosphonium dodecylsulfonate  
41 [P4,4,4,14][DBS] tetradecyl(trihexyl)phosphonium 
dodecylbenzenesulfonate 
18 
42 [P4,4,5,14]2[dtmn] bis-[tetradecyl(trihexyl)phosphonium] dithiomaleonitrile 1 
43 [P4,4,4,16][Br] tributyl(hexyl)phosphonium chloride 30 
44 [P4,4,4,16][Br] tributyl(hexdecyl)phosphonium bromide 31 
45 [P5,5,5,14][Cl] tetradecyl(tripentyl)phosphonium chloride 1 
46 [P6,6,6,2][Br] tetradecyl(ethyl)phosphonium bromide 32 
47 [P6,6,6,3][Br] tetradecyl(pentyl)phosphonium bromide 32 
48 [P6,6,6,4][Br] tetradecyl(butyl)phosphonium bromide 32 
49 [P6,6,6,6][Br] tetratetradecylphosphonium bromide 32 
50 [P6,6,6,6][Cl] tetratetradecylphosphonium chloride 32 
51 [P6,6,6,7][Cl] tetradecyl(heptyl)phosphonium chloride 32 
52 [P6,6,6,8][Cl] tetradecyl(octyl)phosphonium chloride 32 
53 [P6,6,6,10][Cl] tetradecyl(decyl)phosphonium chloride 32 
54 [P6,6,6,12][Cl] tetradecyl(dodecyl)phosphonium chloride 32 
55 [P6,6,6,14][Cl] tetradecyl(trihexyl)phosphonium chloride 1,6,7,16-18,24,3
0,33-55,57 
56 [P6,6,6,14][Br] tetradecyl(trihexyl)phosphonium bromide 1,6,15,46,47,51,
54-56 
57 [P6,6,6,14][deca] tetradecyl(trihexyl)phosphonium decanoate 6,7,24,32,44,46,
48,57 
58 [P6,6,6,14][TMPP] tetradecyl(trihexyl)phosphonium(bis 
2,4,4-trimethylpentyl)phosphinate 
32,58-61  
59 [P6,6,6,14][DCA] tetradecyl(trihexyl)phosphonium dicyanamide 6,7,16,17,19,32,
46,54,55,59,62-
64 
60 [P6,6,6,14][Ac] trihexyl(tetradecyl)phosphonium acetate 37,38,65 
61 [P6,6,6,14][Tf2N] tetradecyl(trihexyl)phosphonium 
bis(trifluoromethylsulfonyl) imide 
6,7,16-19,24,32,
37,38,41,46,47,5
1,54,55,62,63,65
-74 
62 [P6,6,6,14][PF6] tetradecyl(trihexyl)phosphonium hexafluorophosphate 6,32,34,44,46,53
,59,75 
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63 [P6,6,6,14][BF4] tetradecyl(trihexyl)phosphonium tetrafluoroborate 6,16,20,32,34,41
,53-55,59,70 
64 [P6,6,6,14][NO3] tetradecyl(trihexyl)phosphonium nitrate 32 
65 [P6,6,6,14][DCHP] tetradecyl(trihexyl)phosphonium 
dicyclohexylphosphinate 
32 
66 [P6,6,6,14][DS] tetradecyl(trihexyl)phosphonium dodecylsulfonate  
67 [P6,6,6,14][TfO] trihexyl(tetradecyl)phosphonium 
trifluoromethanesulfonate 
16 
68 [P6,6,6,14][TS] trihexyl(tetradecyl)phosphonium thiosalicylate 33 
69 [P6,6,6,14][MTBA] trihexyl(tetradecyl)phosphonium 2-(methylthio)benzoate 33 
70 [P6,6,6,14][SAC] trihexyl(tetradecyl)phosphonium saccharinate 16,19 
71 [P6,6,6,14][PO4] tetradecyl(trihexyl)phosphonium phosphate 6 
72 [P6,6,6,14][(C2F5)3
PF3] 
tetradecyl(trihexyl)phosphonium 
tris(pentafluoroethyl)trifluorophosphate 
41,76,77 
73 [P6,6,6,14][SO4] tetradecyl(trihexyl)phosphonium sulfate 6 
74 [P6,6,6,14][Cyc] tetradecyl(trihexyl)phosphonium cyclamate 19 
75 [P6,6,6,14][Ace] tetradecyl(trihexyl)phosphonium acesulfamate 19 
76 [P6,6,6,14][DBS]] tetradecyl(trihexyl)phosphonium 
dodecylbenzenesulfonate 
19,24 
77 [P6,6,6,14][mes] tetradecyl(trihexyl)phosphonium methylsulfate 24 
78 [P6,6,6,14][PS] tetradecyl(trihexyl)phosphonium persulfate 27 
79 [P6,6,6,14][TPES] tetradecyl(trihexyl)phosphonium 
1,1,2-trifluoro-2-(perfluoroethoxy)ethanesulfonate 
78 
80 [P6,6,6,14][HFPS] tetradecyl(trihexyl)phosphonium 
1,1,2,3,3,3-hexafluoropropanesulfonate 
78 
81 [P6,6,6,14][dtc] tetradecyl(trihexyl)phosphonium  
diethyldithiocarbamate 
1 
82 [P6,6,6,14][xan] tetradecyl(trihexyl)phosphonium methylxanthate 1 
83 [P6,6,6,14]2[K-salt] bis-[tetradecyl(trihexyl)phosphonium] 
nitrodithioacetate 
1 
84 [P6,6,6,14]2[dtmn] bis-[tetradecyl(trihexyl)phosphonium] dithiomaleonitrile 1 
85 [P6,6,6,14][C(CN)3] tetradecyl(trihexyl)phosphonium tricyanomethanide 1 
86 [P6,6,6,14]2[ThY] bis-[tetradecyl(trihexyl)phosphonium] thiazolium 
yellow G 
1 
87 [P6,6,6,14][(iC4H9)2
PS2] 
tetradecyl(trihexyl)phosphonium 
diisobutyldithiobutylphosphinate 
32 
88 [P6,6,6,16][Cl] tetradecyl(hexdecyl)phosphonium chloride 32 
89 [P6,6,6,(MeO)3Si(CH2)3
][Cl] 
trihexyl-[3-(trimethoxysilyl)propyl]phosphonium 
chloride 
23 
90 [P8,8,8,2][OTs] tetradecyl(trioctyl)phosphonium tosylate 12,14,79  
91 [P8,8,8,8][Br] tetraoctylphosphonium bromide  
92 [P8,8,8,8][Tf2N] tetraoctylphosphonium bis(trifluoromethylsulfonyl) imide 1,16  
93 [P8,8,8,8]2[dtmn] bis-(tetraoctylphosphonium) dithiomaleonitrile 1 
94 [P8,8,8,14][Cl] tetradecyl(trioctyl)phosphonium chloride 1 
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95 [P10,10,10,1][Cl] Tridecyl(methyl)phosphonium chloride 80 
96 [P10,10,10,1][Br] Tridecyl(methyl)phosphonium chloride 80 
97 [P14,14,14,1][BF4] Methyl(tritetradecyl)phosphonium tetrafluoroborate 81 
 
 
Phosphonium Ionic Liquid with ether group 
 
Entry PIL Name Ref 
1 [P2,2,2,1O1][Tf2N] triethyl(methoxymethyl)phosphonium 
bis(trifluoromethylsulfonyl) imide 
 
2 [P2,2,2,2O1][Tf2N] 
triethyl(2-methoxyethyl)phosphonium 
bis(trifluoromethylsulfonyl) imide 
82 
3 [P4,4,4,2O1][Tf2N] 
tributyl(2-methoxyethyl)phosphonium 
bis(trifluoromethylsulfonyl) imide 
2,83 
4 [P4,4,4,2O1][NDSFH
PI] 
tributyl(2-methoxyethyl)phosphonium NDSFHPI 83 
5 [P4,4,4,2O2][Tf2N] tributyl(2-ethoxyethyl)phosphonium 
bis(trifluoromethylsulfonyl) imide 
83 
6 [P4,4,4,2O2] 
[NDSFHPI] 
tributyl(2-ethoxyethyl)phosphonium NDSFHPI 83 
7 [P8,8,8,2O1][Tf2N] trioctyl(2-methoxyethyl)phosphonium 
bis(trifluoromethylsulfonyl) imide 
83 
8 [P8,8,8,2O1][NDSFH
PI] 
trioctyl(2-methoxyethyl)phosphonium NDSFHPI 83 
9 [P8,8,8,2O2][Tf2N] trioctyl(2-ethoxyethyl)phosphonium 
bis(trifluoromethylsulfonyl) imide 
83 
10 [P8,8,8,2O2][NDSFH
PI] 
trioctyl(2-ethoxyethyl)phosphonium NDSFHPI 83 
 
 
Phosphonium Ionic Liquid with Phenyl group 
 
Entry PIL Name Ref 
1 [PPh,Ph,Ph,4][Br] triphenyl(butyl)phosphonium bromide 22,31  
2 [PPh,Ph,Ph,i4][Br] triphenyl(isobutyl)phosphonium bromide 22 
3 [PPh,Ph,Ph,1Ph][Br] triphenyl(methylphenyl)phosphonium bromide 31 
4 [PPh,Ph,Ph,1Ph][Cl] triphenyl(methylphenyl)phosphonium chloride 84 
5 [PPh,Ph,Ph,2][Br] triphenyl(ethyl)phosphonium bromide 22,85 
6 [PPh,Ph,Ph,2][I] triphenyl(ethyl)phosphonium iodine 85 
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7 [PPh,Ph,Ph,6][Br] triphenyl(hexyl)phosphonium bromide 22 
8 [PPh,Ph,Ph,8][Br] triphenyl(octyl)phosphonium bromide 22 
9 [PPh,Ph,Ph,10][Br] triphenyl(decyl)phosphonium bromide 22 
10 [PPh,Ph,Ph,3][Cl] triphenyl(propyl)phosphonium chloride 22 
11 [PPh,Ph,Ph,4][Cl] triphenyl(butyl)phosphonium chloride 22 
12 [PPh,Ph,Ph,5][Cl] triphenyl(pentyl)phosphonium chloride 22 
13 [PPh,Ph,Ph,4][I] triphenyl(butyl)phosphonium iodine 22 
14 [PPh,Ph,Ph,2][OTs] triphenyl(ethyl)phosphonium tosylate 12,14,79,85,86  
15 [PPh,Ph,Ph,2][OMs] triphenyl(ethyl)phosphonium methylsulfate 85 
16 [PPh,Ph,Ph,3][OTs] triphenyl(propyl)phosphonium tosylate 13,86  
17 [PPh,Ph,Ph,4][OTs] triphenyl(butyl)phosphonium tosylate 12-14,86 
18 [PPh,Ph,Ph,5][OTs] triphenyl(pentyl)phosphonium tosylate 86 
19 [PPh,Ph,Ph,8][OTs] triphenyl(octyl)phosphonium tosylate 12-14,86 
20 [Ptri(p-tolyl)2][OTs] ethyltri(p-tolyl)phosphonium  tosylate 79 
21 [PPh,Ph,Ph,H][ClO4] triphenylphosphonium perchlorate 87-89 
22 [PPh,Ph,Ph,Ph][Tf2N] tetraphenylphosphonium 
bis(trifluoromethylsulfonyl)imide 
1 
23 [PPh,Ph,Ph,Ph]2[dtmn] bis-(tetraphenylphosphonium)  dithiomaleonitrile 1 
 
 
Phosphonium Ionic Liquid with Alcohol group 
 
Entry PIL Name Ref 
1 [P4,4,4,2OH][Cl] tributyl-(2-hydroxyethyl)phosphonium chloride 90 
2 [P13,13,13,2OH][Br] tridecyl-(2-hydroxyethyl)phosphonium bromide 91 
3 [P14,14,14,2OH][Br] tritetradecyl-(2-hydroxyethyl)phosphonium 
bromide 
91 
4 [P18,18,18,2OH][Br] trioctadecyl-(2-hydroxyethyl)phosphonium 
bromide 
91 
5 [P13,13,13,2OH][Cl] tridecyl-(2-hydroxyethyl)phosphonium chloride 91 
6 [P14,14,14,2OH][Cl] tritetradecyl-(2-hydroxyethyl)phosphonium 
chloride 
91 
7 [P18,18,18,2OH][Cl] trioctadecyl-(2-hydroxyethyl)phosphonium 
chloride 
91 
 
 
Phosphonium polyoxometalate IL and Metal complex anion PIL 
 
Entry PIL Name Ref 
1 [P4,4,4,4]3[PW12O40] tris(tetrabutylphosphonium) Keggin 92 
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2 [P4,4,4,14]3[PW12O40] tris[tributyl(tetradecyl)phosphonium] Keggin 92 
3 [P4,4,4,14]2[W6O19] bis[tributyl(tetradecyl)phosphonium] Lindqvist 92 
4 [P6,6,6,14]3[PW12O40] tris[trihexyl(tetradecyl)phosphonium] Keggin 92 
5 [P6,6,6,14]2[W6O19] bis[trihexyl(tetradecyl)phosphonium] Lindqvist 92 
6 [P6,6,6,14]2[Co(dtmn)2] bis[tributyl(tetradecyl)phosphonium]  
bis-dithiomaleonitrile cobalt 
1 
7 [P6,6,6,14]2[Ni(dtmn)2]  1 
8 [P6,6,6,14]2[Co(DCA)4]  1 
9 [P6,6,6,14]2[Co(NCS)4]  1 
10 [P6,6,6,14]2[Ni(NCS)4]  1 
11 [P6,6,6,14]2[Co(NCSe)4]  1 
12 [P6,6,6,14]6[Fe(CN)6]  1 
13 [P6,6,6,14][CoCB]  1 
14 [P6,6,6,14]4[CuPc(SO3)4]  1 
 
 
Fluorous Phosphonium Salts 
 
Entry PIL  Ref 
1 [P(CF3(CF2)5(CH2)2)3 CH2Ph][Br]  93 
2 [P(CF3(CF2)5(CH2)2)3 Bu][TfO]  93 
3 [P(CF3(CF2)5(CH2)2)4][TfO]  93 
4 [P(CF3(CF2)5(CH2)2)3 (CF3(CF2)7(CH2)2)][I]  93 
5 [P(CF3(CF2)5(CH2)2)2 (CF3(CF2)7(CH2)2)2][I]  93 
6 [P(CF3(CF2)5(CH2)2) (CF3(CF2)7(CH2)2)3][I]  93 
7 [P(CF3(CF2)7(CH2)2)4][I]  93 
8 [P(CF3(CF2)7(CH2)2)4][Br]  93 
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